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Abstract 
 
Nanotechnology is concerned with the study of processes and applications at the 
nanoscale (10-9 m), with objects that are generally smaller than 100 nm. Within the 
biomedical field, the use of metal nanoparticles and their oxides as antimicrobial 
agents is gaining attention. In this study, the potential antimicrobial activity of thirteen 
different nanoparticulate metals, oxides, carbides and nitrides was examined. These 
were generated by thermal plasma technology. Initially, ten different bacterial 
species/strains of clinical significance were subjected to in-depth antimicrobial 
screening, which included the determination of minimum inhibitory and minimum 
bacteriocidal concentrations. The nanoparticles that demonstrated the greatest 
potential as novel antibacterial agents were, in descending order of activity: Ag > 
CuO > Cu2O > Cu > ZnO with effective concentrations from 100 to 2500 µg/ml. 
 
Ag and CuO nanoparticles, alone and blended, along with the salts of both elements 
were further examined in time-kill assays. Nanoparticulate Ag (100 µg/ml) was able 
to reduce microbial populations to zero within 2h. While, nanoparticulate CuO 
required higher concentrations (> 1000 µg/ml) and longer times (up to 4h) than silver 
to reduce microbial populations to zero. Blends of Ag and CuO nanoparticles were 
shown to be superior than when used alone, with reduced concentrations and time 
required (approx. 50%). Nanoparticles alone were not shown to be superior to that of 
their corresponding salts. Antimicrobial activity in the presence of serum was not 
reduced. Nanoparticulate TiO2, which lacked antimicrobial activity in the absence of 
UV light, was shown to possess significant antimicrobial properties when irradiated 
with short wave radiation. Environmental Scanning Electron Microscopy (ESEM) and 
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Scanning Ion Conductance Microscopy (SICM) were used to examine toxic effects of 
nanoparticles on bacteria. These revealed CuO nanoparticles to cause a greater 
physical change to bacteria when compared to Ag. Following nanoparticle 
incorporation into epoxy resin and polyurethane, the antimicrobial activity of the 
resulting polymer-nanocomposites were examined. Both polymers were shown to 
exhibit antimicrobial properties. Ion release was shown to be more marked from 
materials containing CuO nanoparticles. Nanoparticle biocompatibility using skin, 
respiratory and gastrointestinal cell lines was also investigated. CuO was shown to be 
generally more toxic than Ag to eukaryotic cells. 
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General introduction 
 
Nanotechnology encompasses those technologies to fabricate nanoscaled (up to 100 
nm) and near-nanoscaled (up to micrometres) materials, and also facilitates the 
control of shape of the synthesized nanoscaled particles (spherical, cubic, triangular, 
or needle-like) (Allaker and Ren 2008, Pal et al. 2007). The field of nanotechnology is 
rapidly evolving and it is finding many uses in an increasing and diverse number of 
industrial applications and everyday products, and also in the biomedical field. Some 
examples are found in cosmetics, tyres, fabrics, electronics, sunscreens (which 
commonly contain ZnO and TiO2 nanoparticles) (Karlsson et al. 2008, Nel et al. 
2006), and in medicine, where nanoparticulate materials have found uses in imaging 
technologies (MRI, magnetic resonance imaging) (Mulder et al. 2006). Uses also 
include drug delivery (Kohane 2007, Kreuter 1996), incorporation in catheters (Hanna 
et al. 2006, Raad et al. 2008, Rupp et al. 2004), and wound dressings (Atiyeh et al. 
2007, Silver et al. 2006). 
 
Nanomaterials are at the leading edge of the rapidly developing field of 
nanotechnology. By definition, at least one dimension of a nanoparticle is 100 nm or 
less. As particles are reduced from the micrometer to the nanometer scale, the 
acquired higher surface/area ratio results in properties dramatically changing from 
those of their corresponding bulk materials, and these size-dependent properties make 
these materials superior and extremely useful in many areas of biology and medicine. 
For example, optical sensitivity, electromagnetic properties, electrical conductivity, 
hardness, chemical reactivity and antimicrobial activity are all known to be altered 
(Karlsson et al. 2008, Sondi and Salopek-Sondi 2004). Indeed, in some cases with 
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heavy metals, this could augment the potential toxicity with respect to the macro-
sized counterparts (Nel et al. 2006, Choi et al. 2008). On occasions, nanoscaled 
particles have been termed ‘ultrafine particles’; however, Karlsson et al. (2008) 
suggested that this could lead to many interpretations, and proposed that the 
designation ‘nanoparticle’ was a better option as it directly makes reference to size. 
 
Nanomaterials, apart from being synthesized in specialised laboratories, also emerge 
from natural processes, such as forest burnings and microbial decomposition. Their 
existence, nevertheless, has only recently been acknowledged and understood by 
mankind. Nanoscience emerged in the late 50’s, epitomised by the Nobel Prize in 
Physics winner in 1965, Dr. Richard P. Feynman, with a speech on 29th December 
1959 at the California Institute of Technology (Caltech) where the enormous potential 
of nanotechnology was expounded (http://www.zyvex.com/nanotech/feynman.html). 
However, it was not until the 1980s that large scale global research into 
nanotechnology commenced in earnest with the emergence of appropriate methods of 
fabrication of nanostructures and resultant breakthroughs. 
 
Salata (2004) describes a number of areas in biology and medicine where 
nanoparticles have proved to be useful: 
 
- Fluorescent biological labels. 
- Drug and gene delivery systems. 
- Biodetection of pathogens. 
- Detection of proteins, where gold nanoparticles are widely used in 
immunocytochemistry to visualise antibody-antigen interactions. 
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- Probing of DNA structure. 
- Tissue engineering. Instead of being left smooth, through the creation of 
nanosized features on the surface of hip or knee prostheses (which is 
characteristic of bones as found naturally), body rejection of the implant, 
further inflammation and loosening of the implant are effectively diminished. 
Moreover, production of osteoblasts may be stimulated (Salata 2004). 
- Tumour destruction. 
- Separation and purification of biological molecules and cells. Nanoparticles 
can be functionalized by attachment of different ligands through the use of 
surface chemistry. Such functionalization can make them magnetic, and a 
weak magnetic field can then be used to provide movement. 
- MRI (magnetic resonance imaging) contrast enhancement. 
- Phagokinetic studies. 
 
MRI is a powerful and versatile imaging technique available in both clinical and 
research settings. MRI is increasingly reliant on contrast agents to improve the 
inherent low sensitivity of the technique, up to the point where they have now become 
an essential element of the technique (Mulder et al. 2006, Klasson et al. 2008). The 
aim of MRI is to image cellular and molecular events non-invasively, usually in 
relation to pathology (diagnosis and post-therapy assessment of a variety of diseases) 
or transgene expression (Bárcena et al. 2008, Mulder et al. 2006). MRI has a good 
spatial resolution, but in order to become suitable as a molecular imaging modality the 
inherently low sensitivity has to be dealt with. There is, therefore, a demand for more 
efficient and tissue-specific MRI contrast agents in order to obtain improved images. 
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Nanoparticles used as contrast agents in this technique represent a promising line of 
translational research. 
 
The signal of MRI is dependent on the longitudinal (T1) and transverse (T2) proton 
relaxation times of mainly water, with differences in proton relaxation times resulting, 
therefore, in differences in contrast in MR images. The intrinsic relaxation times of 
tissue water are dependent on the physiological environment and may be altered in 
pathological tissue; however, the specificity of such change may be low and occur at a 
late stage of the disease. An earlier and more specific detection of pathology with 
MRI would be, therefore, highly advantageous. The relaxation times of tissue can be 
altered with contrast agents that decrease the longitudinal and transverse relaxation 
times. The ability of a contrast agent to shorten T1 and T2 is defined as the relaxivity 
(Mulder et al. 2006).  
 
There are currently two main contrast agents used in MRI: superparamagnetic iron 
oxide nanoparticles (SPIO) and paramagnetic chelates, with gadolinium ions (Gd3+) 
being the most commonly used (Bárcena et al. 2008, Klasson et al. 2008). For 
example, Klasson et al. (2008) investigated the use of gadolinium oxide (Gd2O3) 
nanoparticles for cell labelling and a capacity to generate a positive contrast. The 
results showed that cells labelled in this manner had shorter T1 and T2 relaxation times 
compared with untreated cells. 
 
Nanoparticles have also found uses in the area of drug delivery and cancer treatment. 
Conventional systems to deliver drugs present a number of issues, for example 
nonspecific biodistribution and targeting, lack of water solubility, poor oral 
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bioavailability, and low therapeutic indices (Cho et al. 2008). Hydrophobicity 
promotes an early and prompt removal of the drug by the reticuloendothelial system, 
and also absorption of the drug may be low, with the consequent low concentration in 
the bloodstream and even lower concentration at the target site. Consequences of 
these limitations are that the concentration of active ingredient reaching the target site 
may be suboptimal, with which the therapeutic outcome may not be satisfactory, and 
also, the drug may end up in a different part of the body, where the exertion of the 
initially therapeutic effects may be detrimental (for instance, toxic effects in healthy 
tissue). An example of the negative effects these limitations entail is found in the case 
of chemotherapy, where normal cells can be affected by the drugs and only a 
suboptimal drug dose may reach the target cancer cells, with the consequent 
suboptimal result of the treatment. 
 
Microparticles and nanoparticles have been used to improve the overall drug delivery 
system effectiveness. The biologically active ingredient may be incorporated into the 
particles (dissolved, entrapped, or encapsulated) or adsorbed or chemically bound to 
the particle surface. These particles can be administered through a number of routes, 
such as injection (subcutaneous, intramuscular or intravenous), inhalation, or orally. 
The size difference between these two classes of particles has a number of effects. 
Whereas microparticles tend to stay where injected, nanoparticles have an enhanced 
mobility in the body. Whilst nanoparticles are too small to do so, microparticles can 
cause embolic phenomena depending on the diameter of the blood vessel, and this can 
be useful on occasions when blood flow occlusion would be advantageous, with or 
without drug release. Also, microparticles normally cannot cross biological barriers, 
like the blood-brain barrier, and must be administered directly to the site of interest, 
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whereas nanoparticles may be able to circumvent this and cross such barriers. Finally, 
by virtue of their size, nanoparticles are able to bypass removal from the bloodstream 
in capillaries (Kohane 2007, Kreuter 1996). 
 
With the aim to increase nanoparticle persistence in blood circulation, nanoparticles 
have been coated with biodegradable polymers, for example, polyethylene glycol 
(PEG). The hydrophilic nature of these polymers has been shown to prevent 
macrophage phagocytosis. The surfactants poloxamine 908 or polysorbate 80 have 
also been used to this effect (Kreuter 1996). 
 
Passive and active targeting strategies have been designed for drug-containing 
nanoparticles to enable the target site to be reached and deliver the therapeutical agent 
in a sufficient concentration. These strategies are normally based upon the different 
pathophysiology of the affected area. Cho et al. (2008) reviewed these strategies as 
applied to chemotherapeutics. Examples of passive targeting are: exploitation of the 
increased metabolic rate of cancer cells and neovascularisation, which causes an 
imbalance in the tumour vessels and results in enhanced permeability. This favours 
the accumulation of therapeutic nanoparticles and other macromolecules at these sites. 
Also due to their high metabolic rate, cancer cells use glycolisis to provide sufficient 
energy, and this leads to an acidic environment. pH-sensitive nanoliposomes are 
stable at physiological pH, but in the acidic environment of a tumour undergo 
degradation and release the active substance. For active targeting strategies, 
conjugates composed of a ligand or antibody, a polymer or lipid as a carrier, and an 
active chemotherapeutic drug, have been designed. Cancer cells surface antigens and 
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receptors, which are normally expressed homogeneously and exclusively in such 
cells, are suitable tumour specific targets. 
 
The magnetic properties some nanoparticles present have also been exploited. An 
external magnetic field can be used to manipulate these nanoparticles. Gong et al. 
(2007) synthesized bifunctional Fe3O4-Ag nanoparticles. Whilst Ag provided 
antimicrobial capacity, superparamagnetic properties provided by Fe3O4 were utilised 
to remove the nanoparticles from water by applying a magnetic field. 
 
Magnetic fields are able to penetrate human tissue, and can be used to direct magnetic 
nanoparticles. These make magnetic nanoparticles applicable to biomedicine. One 
example is the use in MRI, and also the magnetic separation of labelled cells and 
other biological entities. Destruction of tumours via hyperthermia involves dispersing 
magnetic nanoparticles throughout the affected tissue, and applying a magnetic field 
which causes the nanoparticles to heat with the consequent destruction of the 
surrounding cells. Utilizing the magnetic properties of nanoparticles allows 
distribution in a very precise manner so that only the intended tissue is heated and 
destroyed (Pankhurst 2003). 
 
There is, nevertheless, an additional and rapidly developing nanoparticle application 
in biomedicine: the potential application of nanoparticulate materials in the control of 
infectious diseases (Allaker and Ren 2008). Within such a category there is, for 
example, the incorporation of nanoparticles within surfaces and in medical devices to 
keep the microorganism load to a minimum, which would be invaluable to control the 
spread of infections. Nanoparticulate silver and copper, and their compounds have 
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been widely studied in this context. In particular, nanoparticulate silver has been 
reported to inactivate most microorganisms, including HIV-1 (Elechiguerra et al. 
2005). Nanoemulsions consisting of miniature drops with a hydrophobic nature 
suspended in water and stabilised by detergents, have demonstrated activity against 
bacteria and spores (Allaker and Ren 2008). 
 
The antimicrobial effectiveness of metal nanoparticles has been suggested to be due to 
both their size and high surface to volume ratio. In theory, such characteristics should 
allow them to closely interact with bacterial surface and intracellular components. 
Multicellular organisms are composed of eukaryotic cells that are typically up to 10 
µm, and most prokaryotes are between 1 µm and 10 µm. However, cell constituents 
and organelles and other macromolecules, for example proteins, are below this size, 
and can be as small as 5 nm, which is comparable to the size of currently available 
nanoparticles. Therefore, nanosized particles have the potential to be used in a number 
of applications within biological systems without causing, from a spatial perspective, 
significant disruption or interference (Salata 2004). 
 
 
The overall aim of the PhD project was to investigate the potential of metal 
nanoparticles and some of their oxides as novel antimicrobial agents that may have a 
number of applications, including their use in medical devices. Potential toxicity of 
such nanoparticles on eukaryotic cells was also investigated. The 3 primary objectives 
of the study were as follows: 
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1. To investigate the antimicrobial activity of nanoparticulate metals and metal 
oxides alone and in combination using a number of approaches. This includes 
an investigation of the impact on the antimicrobial activity of variations in the 
local environment.  
 
2. To investigate nanopolymer composites incorporating given nanoparticles and 
assess both contact-killing and release-killing potential. In theory, 
nanoparticles could be combined with a range of polymers, either by 
impregnation or coating onto surfaces, which may then have a variety of 
potential antimicrobial applications. 
 
3. To investigate the potential toxic properties to cultured eukaryotic cells of 
nanoparticles under investigation. Copper, zinc or iron are essential trace 
elements. However, most of the nanoparticles investigated in this study are 
foreign to the human body. Therefore, as with an overdose of essential trace 
elements, a degree of cytotoxicity to eukaryotic cells may be found. 
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Chapter 1 
Antimicrobial activity of metal / metal oxides / 
nitrides / carbides nanoparticles 
 - 31 - 
1.1. Introduction 
The interest in metal nanoparticles and their oxides as antimicrobials has recently 
gathered pace, mainly due to the ability of pathogenic microorganisms to develop 
resistance to virtually all known antibiotics. In the past 40 years, only two antibiotics 
representing new chemical classes (linezolid and daptomycin) have reached the 
market to treat multiple antibiotic-resistant gram-positive infections (Jones et al. 
2008), which makes the search for new infection control agents ever more urgent. 
Nevertheless, the potential of metals in this respect has been recognised and made use 
of for centuries (Jung et al. 2008, Feng et al. 2000, Liau et al. 1997, Dibrov et al. 
2002, Matsumura et al. 2003, Rai et al. 2009, Lok et al. 2006). In a literature review, 
Klassen (2000b) cites the use of silver nitrate as early as the 15th century. It gained 
popularity amongst surgeons in the 17th and 18th century, and was primarily used in a 
solid, hardened form known as ‘lunar caustic’, or lapis infernalis in Latin. Silver 
nitrate solutions with concentrations varying from 0.2 to 2% were another form of the 
silver salt, as opposed to the solid, that started to be used in the 19th century. Initially 
used for the treatment of chronic wounds, burns, and ulcers, unknowingly silver 
nitrate also improved and quickened healing by preventing microbial infection of the 
wound. Indeed, silver nitrate was used for the successful treatment of suppurating eye 
infections before the discovery of microorganisms (Lok et al. 2006). 
 
With the discovery of penicillin in 1928 by Alexander Fleming, and the Second 
World War conflict, silver salts and silver solutions fell into disuse (Klasen 2000a, 
Rai et al. 2009). However, in the second half of the 20th century, the interest in silver 
nitrate re-emerged, mainly due to a publication by Moyer et al. (1965), and the silver 
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salt started to be used routinely to treat burns and infections. Moyer used 0.5% silver 
nitrate solution to treat burns and concluded that it possessed a good ‘antimicrobial 
activity’, did not encourage the development of bacterial resistance or interfere with 
epidermal proliferation, and that it was ‘safe’ to use in humans. Most clinicians 
agreed with these observations, but others failed to (Wilde 1967). Silver nitrate and 
sodium sulphadiazine were combined to produce silver sulphadiazine, in an attempt to 
enhance the antibacterial properties of both silver and sulphadiazine. Synergistic 
effects were observed and attributed to a slow release rate of silver ions from the 
compound (Fox and Modak 1974). Cerium nitrate was also combined with silver 
sulphadiazine in an effort to augment the antimicrobial properties of the latter 
(Monafo et al. 1976); however, findings were different amongst authors, and overall 
no synergism using these two substances was observed. Combinations with other 
sulpha drugs were tried, but silver sulphadiazine was found to be the most effective 
(Stanford, Rappole and Fox 1969, Rai et al. 2009). The observation of resistant strains 
to silver sulphadiazine, especially P. aeruginosa, and the desire to reduce the 
changing frequency of dressings, led to the search for better antimicrobial 
combinations, using silver as the starting point (Klasen 2000a). Nowadays, these still 
are the main motives that drive the search for novel antimicrobial agents. 
 
The properties of silver have been continuously studied and nowadays it is one of the 
topics in the search for new antimicrobial substances that receives most attention. The 
silver ion (and those from heavy metals in general) is generally believed to interact 
with thiol (sulfhydryl) groups (-SH) (Feng et al. 2000, Jung et al. 2008, Liau et al. 
1997, Dibrov et al. 2002, Matsumura et al. 2003, Sharma et al. 2009), leading to the 
inactivation of proteins. Feng et al. (2000) studied the effect of silver ions on E. coli 
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and S. aureus utilizing AgNO3, and their results demonstrated remarkable 
bacteriocidal effects of the silver salt on both bacterial species. Using TEM 
(transmission electron microscopy), they observed directly the consequences of silver 
nitrate treatment. For both E. coli and S. aureus, significant morphological changes 
were observed. The cell wall became detached from the plasma membrane, and 
extensive damage to the cell wall and membrane was observed. The bacterial genetic 
material also became condensed and damaged (pyrimidine dimerization) rendering 
the cell unable to replicate (Matsumura et al. 2003, Rai et al. 2009, Sharma et al. 
2009). The authors speculated that this may be a defence mechanism in an attempt to 
protect the DNA from the harmful effects of the silver ion. The effects of the silver 
ion on the genetic material would indicate that it is capable of entering the cell. These 
same authors, using X-ray microanalysis, observed significant amounts of 
intracellular silver and sulphur, again indicating the entrance of the silver ion into the 
cell and combining with cellular compounds containing sulphur. Yamanaka et al. 
(2005) also observed a readily elicited entrance of silver ions into the bacterial cells, 
and suggested that this plays a more important role as regards the bacteriocidal effects 
of the silver ion than its interaction with thiol groups. These authors suggested that the 
silver ion penetrated the interior of the cell through ion channels without causing 
damage to the membrane, where it then denatures ribosomes and inactivates enzymes 
of the respiratory chain, compromising the production of ATP which eventually 
would lead to cell death. While this mechanism of action of the silver ion is supported 
by others (Lok et al. 2006), reaction of the silver ion with thiol groups must still be a 
key mechanism, as the addition of compounds containing thiol groups, such as the 
aminoacid cysteine, neutralise the antimicrobial effects of the silver ion (Jung et al. 
2008). Liau et al. (1997) also investigated these neutralizing effects, and tried four 
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different classes of compounds for their ability to quench the activity of the silver ion: 
thiol-containing amino acids, sulphur-lacking amino acids, disulphide bond-
containing amino acids, and other sulphur-containing compounds. Only the first group 
demonstrated a neutralising capability, showing that silver ions react with thiol groups 
(-SH) only and not with other sulphur-containing molecules. Upon silver ion 
treatment, similar effects were recorded on both E. coli and S. aureus; however, these 
were less pronounced on S. aureus, suggesting that the gram-positive bacterial species 
possess a stronger defence system against silver ions (Rai et al. 2009). 
 
A study by Jung et al. (2008) also analyzed the antimicrobial effects of the silver ion 
on E. coli and S. aureus. The main difference with the work by Feng et al. (2000) was 
the generation of the silver ion: in this case, instead of silver nitrate, the ion was 
generated electrically from metallic silver. Similar results were obtained. 
 
Dibrov et al. (2002) studied the antimicrobial activity of the silver ion from a 
chemiosmotic perspective. In Vibrio cholerae, they found that micromolar 
concentrations of the silver ion caused a rapid collapse of the proton motive force on 
the bacterial membrane, with which the pH gradient and the electric potential was 
dissipated (Sharma et al. 2009, Lok et al. 2006). 
 
The generation of reactive oxygen species (ROS), with concomitant oxidative stress, 
has also been proposed as a mechanism by which silver ions exert the bacteriocidal 
effects (Pal et al. 2007). Such effects on E. coli under aerobic and anaerobic 
conditions were examined (Sharma et al. 2009, Matsumura et al. 2003). In the latter 
case, the proportion of remaining viable cells after treatment was much higher than in 
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the presence of oxygen. Such conditions can occur in the human oral cavity, where 
anaerobic niches can appear in cavities, plaque, and bacterial biofilms. In the bacterial 
respiratory system, the NADH-dehydrogenase, as a thiol group-containing enzyme, is 
a target for silver ion, and its disruption is a situation that encourages the production 
of ROS. Another example of this is found in the work by Kim et al. (2007): the 
addition of the antioxidant N-acetylcystein (NAC) greatly abolished the growth 
inhibitory effect on E. coli of both AgNO3 and silver nanoparticles. 
 
Apart from silver nitrate, another source of silver ions is elementary (or metallic) 
silver in the form of nanoparticles (Feng et al. 2000, Sondi and Salopek-Sondi 2004). 
Metallic silver is inert but becomes ionized in contact with the moisture in the skin 
and other fluids (Rai et al. 2009). Choi et al. (2008) suggest the following equation 
through which silver ions are generated from silver nanoparticles in an aqueous 
solution: 
 
4Ag + O2 + 2H2O  4Ag+ + 4OH- 
 
With the emergence of nanotechnology, particle size can be reduced drastically and 
the resulting nanoparticles modified, improving biocompatibility and overcoming the 
limitations as a result of size. The resulting nanoparticles have a large surface/area 
ratio, causing the available surface of nanoparticles to come into contact with 
microorganisms to increase. For example, the reduction of a uniform, spherical 
particle from 10 µm to 10 nm would increase the surface area by a factor of 109 (Pal et 
al. 2007). Together with the modified physicochemical properties of particles due to 
the nanosized form, the corresponding metal nanoparticles may show strong, broad-
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spectrum antibacterial, antiviral, and antifungal activity in comparison to the macro-
sized counterparts (Nel et al. 2006, Choi et al. 2008, Rai et al. 2009, Kim et al. 2007, 
Sharma et al. 2009, Lok et al. 2006). Indeed, it has been suggested that the 
antimicrobial properties of metal nanoparticles, in addition to ion release, are due to 
both the small size and the large surface/area ratio, which allows an optimum 
interaction with microorganisms (Ren et al. 2009, Ruparelia et al. 2008). 
 
Lok et al. (2006) found the antimicrobial mechanism of silver ion and silver 
nanoparticles to be similar; however, the effective concentrations were substantially 
different, micromolar to nanomolar, respectively. They also found that E. coli cells 
treated with both silver ions (AgNO3) and silver nanoparticles over-expressed outer 
membrane proteins, but due to the collapse of the proton motive force, precursors of 
such proteins could not be processed into the mature forms due to the lack of ATP, 
and accumulated in the cytoplasm. It was also stated in their work that any agent 
capable of dissipating the membrane potential would have this consequence. Pal et al. 
(2007) also speculated that the antimicrobial mechanism of both the silver ion and 
silver nanoparticles was broadly similar. 
 
The physicochemical properties of nanoparticles also change considerably when 
functionalized, i.e., when capped with other molecules (Elechiguerra et al. 2005). The 
nanoparticle antimicrobial properties can be enhanced when modified with 
surfactants, like BSA (bovine serum albumin), SDS (Sodium Dodecyl Sulfate), and 
polymers such as PVP (poly-N-vinyl-2-pyrrolidone). PVP stabilizes nanoparticle 
suspensions preventing agglomeration; SDS, as an ionic surfactant, may be able to 
interact and compromise the bacterial cell wall (Sharma et al. 2009). 
 - 37 - 
Advantages of nanoparticles over salts are the possible interference of other salts, and 
the available silver ion concentration: depletion of silver ion will occur with time, 
whereas the effect of nanoparticles is longer lasting (Kim et al. 2007). Morones et al. 
(2005) measured the release of silver ion from freshly dispersed silver nanoparticles 
in 0.2 M NaNO3. Ag+ concentration was found to be approximately 1 µM, but a retest 
after 24 hours showed that this concentration had dropped to 0.2 µM and no further 
dissolution occurred, showing an important decrease in the silver ion concentration. 
Choi et al. (2008) tested the antimicrobial capability of silver nanoparticles and silver 
ions (AgNO3) on autotrophic and heterotrophic bacteria grown in a bioreactor, and 
found that silver nanoparticles were more effective than the ions on the autotrophic 
group; surprisingly, heterotrophic bacteria were found to be more affected by the 
silver ion. Pal et al. (2007) found that the antimicrobial performance of silver 
nanoparticles on E. coli was markedly better than silver nitrate, both on solid media 
and in broth culture. 
 
Larger nanoparticles accumulate on cell membranes, the permeability of which may 
become compromised rendering the cell unable to regulate the transport through it, 
and eventually causing cell death (Sondi and Salopek-Sondi 2004, Sharma et al. 2009, 
Lok et al. 2006); however, nanoparticles smaller than 10 nm may pass through 
membranes and penetrate inside cells (Choi et al. 2008, Rai et al. 2009, Sharma et al. 
2009, Lok et al. 2006), where they could exert an antimicrobial action and also release 
silver ions. Pal et al. (2007), studied silver nanoparticle treatment upon E. coli, and 
observed nanoparticles both on the membrane of the bacterium and also some which 
had penetrated inside the cell. Sondi and Salopek-Sondi (2004) achieved high 
percentage reductions in E. coli populations using silver nanoparticles with a modal 
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diameter of 12 nm, and through TEM they observed their accumulation in the 
membrane as well as penetration in the interior of the cell. Together with other 
researchers, like Kim et al. (2007), these same authors cited the use of formulations in 
the form of nanoparticles which act as effective bacteriocidal agents, and that this was 
not limited to silver compounds, but also other metals. 
 
Silver nanoparticles have also been demonstrated to have antiviral properties. 
Elechiguerra et al. (2005) proved the in vitro capacity of silver nanoparticles to 
prevent infection by the HIV-1 virus. They suggested that silver nanoparticles interact 
with the virus preferentially via binding to the glycoprotein gp120, located in the viral 
envelope. This viral glycoprotein binds to the CD4 receptor of host cells; blocking 
gp120 with silver nanoparticles would prevent such binding and consequent cell 
infection. Furthermore, Sun et al. (2005) described a cytoprotective effect of silver 
nanoparticles. They found that these inhibited HIV-1 replication in infected cells, 
avoiding therefore the apoptotis these cells would naturally follow. 
 
Copper oxide nanoparticles, in the form of cupric oxide (CuO), have also been 
suggested as potent antimicrobial agents. The work performed on silver nanoparticles, 
however, is much more extensive, and there is limited information on this regard. 
Nevertheless, Ren et al. (2009) cite a number of advantages of copper oxide over 
silver: it is cheaper than silver, easily mixed with polymers, and relatively stable in 
terms of both chemical and physical properties. These same authors conducted growth 
inhibition and bacteriocidal assays on a range of gram-positive and gram-negative 
bacterial species utilizing copper oxide nanoparticles, and confirmed the antimicrobial 
activity of such metal nanoparticles. However, compared to silver, the copper oxide 
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nanoparticle concentration necessary to cause a significant reduction in bacterial 
populations was remarkably higher. The antiviral activity (against influenza A and 
SARS) of Ag+ and Cu2+ is also briefly discussed in this publication, and Cioffi et al. 
(2005) show the bacteriostatic and antifungal properties of copper nanoparticles 
embedded in polymer composites. 
 
Ruparelia et al. (2008) investigated and compared the antimicrobial properties of 
silver and copper nanoparticles on E. coli, S. aureus, and Bacillus subtilis. They 
concluded that, for the first two bacterial species, silver is a superior antimicrobial 
agent to copper nanoparticles; however, copper nanoparticles showed a greater 
effectiveness on B. subtilis than silver.  
 
Zinc oxide nanoparticles have also arisen as promising antimicrobial agents. Again, 
the work on this nanoparticle regarding such activity is limited. It has been reported 
that S. aureus, E. coli (Jones et al. 2008, Nair et al. 2009, Brayner et al. 2006), S. 
epidermidis, Streptococcus pyogenes and B. subtilis (Jones et al. 2008) all show 
sensitivity to this nanoparticle, conferring to it a broad-spectrum antimicrobial agent 
potential. 
 
Nair et al. (2009) used ZnO particles ranging in size from 1.2 µm to 40 nm and 
showed that, as with nanosilver, the antibacterial capacity of ZnO increases with 
reduction in particle size. Furthermore, and again in concordance with nanosilver, by 
comparison with other studies they hypothesized that the initial bacterial 
concentration also exerts a key role in antimicrobial performance: the lower the initial 
bacterial concentration, the more effective the antimicrobial treatment. 
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Utilizing ZnO nanoparticles sized between 7 and 13 nm, Brayner et al. (2006) showed 
that concentrations of such nanoparticle above 1.3 x 10-3 M (equivalent to 105 µg/ml) 
were highly antimicrobial. They theorized that lower concentrations did not affect 
bacterial viability due to the capacity of metabolizing Zn2+ as an oligoelement. 
 
Jones et al. (2008) investigated the effects of photoactivated ZnO nanoparticles, 
which, as a semiconductor, can be excited by ultraviolet light. They found that, in the 
dark, the antimicrobial activity was greatly diminished; however, conversely to TiO2 
nanoparticles, it was virtually the same under UV light at 254 nm exposure and under 
conventional fluorescent lamps, which emit <4% UV light, and are common in 
laboratories. 
 
The mechanism of action of zinc oxide nanoparticles appears to be similar to that of 
silver nanoparticles: membrane and cell wall destabilization and consequent 
permeability increase, leaking of intracellular contents, accumulation of ZnO 
nanoparticles both on the membrane and intracellularly, zinc ion release, and 
generation of reactive oxygen species (ROS) (Brayner et al. 2006, Nair et al. 2009, 
Jones et al. 2008). 
 
Other metal oxide nanoparticles have been tested for antimicrobial properties. 
Stoimenov et al. (2002) prepared magnesium oxide nanoparticles and combined them 
with halogens (Cl2, Br2). Halogens are well known bacteriocides but their use presents 
problems because of their high toxicity; combining these with magnesium oxide 
nanoparticles maintains the bacteriocidal activity and shows reduced toxicity issues. 
The antimicrobial activity of halogen adducts of these MgO nanoparticles and MgO 
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nanoparticles alone were evaluated against E. coli, Bacillus megaterium as planktonic 
cells, and Bacillus subtilis in the form of spores. MgO nanoparticles alone rapidly 
killed the first two species, while spores showed significant resistance to the 
treatment; however, the halogenated adducts, in addition to being capable of 
effectively killing E. coli and Bacillus megaterium, showed marked, rapid sporicidal 
activity. 
 
Gong et al. (2007) brought to attention the potential toxicity problems that increased 
exposure to silver carries. To test such an effect, they synthesized bifunctional Fe3O4-
Ag nanoparticles, which possessed both superparamagnetic (Fe3O4) and antimicrobial 
(Ag) properties. Tested against E. coli, S. epidermidis and B. subtilis, these 
nanoparticles were shown to have bacteriocidal activity. In addition, due to the 
superparamagnetism, they were easily removed from a liquid media after the 
bacteriocidal effect had occurred, minimizing therefore their time in the system. 
Furthermore, superparamagnetic and antimicrobial properties were retained and the 
nanoparticles could be reused. Taken together, it is envisaged that this system has 
immense potential in water disinfection. 
 
The potential of titanium dioxide nanoparticles as antimicrobial agents has been 
proven. TiO2 behaves as a classical semiconductor. A semiconductor particle consists 
of a valence band (vb) filled with electrons and a conduction band (cb) which contains 
empty energy states; upon irradiation with ultraviolet or near-ultraviolet light (λ = 
300-400 nm), photoexcitation events lead to the formation of hydroxyl and other 
oxygen containing radicals which are powerful oxidants (Bekbölet and Araz 1996, 
Alrousan et al. 2009). Such oxidants can be used as effective antimicrobial agents. 
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This has found particular value in water disinfection. The World Health Organisation 
estimates that about 1.1 billion people lack access to potable water, and the therefore 
inevitable use of non-satisfactory conditions of water for drinking and self-hygiene 
carries a high risk of contracting water-transmitted diseases, like typhoid, hepatitis A 
and E, polio and cholera. This results in diarrhoeal disease and morbidity (Salih 2002, 
Alrousan et al. 2009, Herrera Melián et al. 2000). 
 
Traditional water sterilisation methods include the use of sunlight (photolysis) and 
chlorination. The use of sunlight is conditioned by the daily and seasonal variation in 
light intensity and requires a long time to optimise disinfection. Chlorination is an 
effective sterilization method and is effective against bacteria and most viruses; 
however, trihalomethanes and other toxic and carcinogenic disinfection byproducts 
are generated in the process (Herrera Melián et al. 2000). The addition of a catalyst, 
like TiO2, is inexpensive and relatively safe to use, implies a significant shortage in 
the time necessary to achieve disinfection, the oxidant is atmospheric oxygen 
(meaning that no consumption of expensive oxidants is required), and part of the 
energy required to produce the oxidant agents is provided by sunlight (cost 
minimization) (Wei et al. 1994, Watts et al. 1994). 
 
It is generally agreed that the mechanism by which photoactivated TiO2 catalyzes 
sterilisation is the generation of hydroxyl radicals (OH-), as a result of 300-400 nm 
wavelength light illumination, and consequent oxidative damage. Other reactive 
oxygen species (ROS) produced due to light exposure, like O2- and H2O2, may also 
contribute (Cho et al. 2004, Ireland et al. 1993, Herrera Melián et al. 2000, Salih 
2002). An excellent correlation between hydroxyl radical concentration and the 
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inactivation of E. coli has been reported, and in the absence of oxygen, no inactivation 
of the bacterium was observed (Cho et al. 2004). Also, the presence of OH- 
scavengers, like methanol, dimethyl sulphoxide (DMSO), or cysteamine, greatly 
abolishes the sterilisation capability (Salih 2002, Cho et al. 2004). The addition of 
OH- scavengers still allows the formation of other ROS, like O2- and H2O2. In such 
conditions, Cho et al. (2004) found that E. coli inactivation was not significant and 
concluded that those played a minor role in bacterial inactivation. Rincon and 
Pulgarin (2004), however, found that the addition of H2O2 enhances both the 
photolytic (light only) and photocatalytic (light and TiO2) processes. Similarly, 
Alrousan et al. (2009) cite that, maintaining hydroxyl radical as the main sterilisation 
effector,  the contribution of other ROS must not be disregarded. 
 
The presence of organic and inorganic matter in the system can affect the efficiency 
of the photocatalysis. Rincon and Pulgarin (2004) studied the consequences of the 
presence of inorganic ions, like HCO3- and HPO42-, and organic substances naturally 
present in water, like dihydroxybenzenes and hydroquinone, and also humic 
compounds. They found that inorganic ions meaningfully diminished photocatalysis 
efficiency, while organic matter can have both positive and negative effects on the 
photocatalytic process: positive by enhancement of ROS production, and negative by 
competing with bacteria for the photogenerated oxidative species. 
 
Other metal oxides, like ZnO, ZrO2, Fe2O3, CdO, and metal sulphides, CdS and ZnS, 
have been tried as photocatalysts for water disinfection. Photochemical activity and 
stability, chemical stability, availability, cost and toxicity considerations, make TiO2 
the most suitable choice for this purpose (Alrousan et al. 2009). 
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Another quality of metal nanoparticles as antimicrobials is the variety of sites that can 
be targeted in microorganisms. Resistance development can occur relatively more 
easily with narrow-spectrum antimicrobial agents, which normally have a defined 
mechanism of action, whereas with broad-spectrum agents, a host of mutations should 
develop simultaneously for the microorganism to obtain protection against such 
agents (Kim et al. 2007, Pal et al. 2007). In a review, Chopra (2007) writes that 
spontaneous mutation conferring silver resistance is highly unlikely (10-9), as opposed 
to the usually recorded 10-8 frequency with single antibiotics. However, this same 
author cites a number of mechanisms by which bacteria acquire silver resistance: an 
endogenous silver efflux system together with porin mutations; pMG101, a plasmid 
transferable by conjugation, isolated from a Salmonella typhimurium strain in a 
hospital burns unit, which provides resistance against silver, mercuric chloride, and 
five antibiotics; pUPI119, another plasmid which encodes resistance to silver only, 
and was isolated from an environmental strain of Acinetobacter baumannii. In another 
review, Silver et al. (2005) describe bacterial resistance mechanisms against many 
heavy metals, like mercury, arsenic, cadmium, lead, zinc, copper, and of course silver. 
 
At the nanoscale, shape and size of the final metal nanoparticles have an influence on 
the properties that become modified (electromagnetic, optical and catalytic) (Pal et al. 
2007, Elechiguerra et al. 2005). Elechiguerra et al. (2005) found that the interaction 
between silver nanoparticles and HIV-1 was size-dependent, and that only 
nanoparticles in the size range of 1-10 nm bound in a stable manner to the virus. Pal et 
al. (2007) evaluated the antimicrobial activity against E. coli of three different shapes 
of silver nanoparticles: spherical, rod-shaped, and truncated triangular. The test was 
conducted on agar plates and in broth, and in both cases the truncated triangular 
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nanoparticles demonstrated high or total inhibition of bacterial growth. Spherical 
nanoparticles followed in bacteriocidal effectiveness, whereas the rod-shaped showed 
the lowest E. coli killing capacity. Simon-Deckers et al. (2009) found spherical TiO2 
nanoparticles to be modestly bacteriocidal, in the absence of UV light, when the 
diameter ranged between 10 and 25 nm; TiO2 nanoparticles with a diameter of 150 nm 
and above lost such antimicrobial capacity. The same happened with elongated TiO2 
nanoparticles. Morones et al. (2005) showed that only silver nanoparticles of a 3-7 nm 
size interacted effectively with the bacterial membrane and penetrated inside the cells, 
and they suggested that the larger surface/area ratio of the smaller nanoparticles might 
explain their capacity to interact in a stable manner with bacteria. 
 
The choice of nanoparticles used in this work was due to three reasons: i) availability, 
ii) references found in the literature with regard to their antimicrobial capabilities 
(Sondi and Salopek-Sondi 2004, Feng et al. 2000, Harrison et al. 2008, Wheeldon et 
al. 2008, Chandra et al. 2007), or iii) investigated, to the best of our knowledge, for 
the first time in this study (Tungsten Carbide). 
 
The aim of this chapter was to investigate the antimicrobial activity of nanoparticulate 
metals and metal oxides alone and in combination using a number of approaches. An 
initial screening of thirteen different latest generation nanoparticles was carried out 
and the bacteriostatic and bacteriocidal properties examined. The nanoparticles which 
demonstrated a superior antimicrobial potential were, alone and their combinations, 
put forward for an in-depth study consisting of time-kill assays in a variety of 
situations, where the time required for the nanoparticles to exert the antimicrobial 
effects was evaluated. 
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1.2. Materials and Methods 
1.2.1. Nanoparticles 
Following is a list of those nanoparticles whose antimicrobial properties were 
investigated: 
1. In the elemental form of the metal: 
Ni, Ag, Cu, and Au 
Purity: >95%. Impurities were expected in the form of the corresponding metal 
oxide due to interactions with air after plasma processing. 
2. Oxides: 
NiO, ZnO, CuO, Cu2O, TiO2, ZrO2, and Al2O3 
Purity: 86-99%. Again, impurities in the form of other species of oxides and the 
elemental form of the metal were expected. 
3. Carbides: 
WC 
Purity: >95% 
4. Nitrides: 
Si3N4 
Purity: >95% 
 
These materials, except gold, were provided by our supplier in the form of 
nanopowders comprised of loosely aggregated ultrafine nanometre particles. Their 
shape was spherical and the size was in the range of 30 to 70 nm. For CuO, this was 
confirmed through EDS-TEM analysis, and the surface area of such nanoparticles was 
found to be of 15.6931 m2/g (Ren et al. 2009). Gold nanoparticles were provided by 
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UCL (University College London) in a solution of distilled water and polyethylene 
glycol (PEG). The presence of salt ions, as in buffer solutions, has an aggregating 
effect; gold nanoparticles functionalized by the addition of PEG ligands during 
synthesis are readily stabilised through the chelating properties and van der Waals 
interactions of PEG. In addition, gold nanoparticles conjugated with PEG are not 
detected by the immune system, improving their properties as drug delivery carriers 
(Boisselier and Astruc 2009). Due to the fact that gold nanoparticles were supplied at 
a later stage, only bacteriocidal activity was determined (section 1.2.6.2). 
 
After confirmation of the antimicrobial properties of both silver and copper 
nanoparticles, a selection of bacterial species were also subjected to time-kill assays 
with silver nitrate and copper nitrate in order to compare such properties with the ions 
of the two chemical elements. The silver and copper salts were purchased from 
Sigma. 
 
 
1.2.2. Preparation of nanoparticle suspensions 
Apart from gold, which was supplied in a suspension at a concentration of 1000 
µg/ml, the whole range of materials tested were received in the form of powder and 
were, therefore, suspended in an appropriate diluent, which varied upon the individual 
experiment. Final concentrations are expressed in weight/volume (µg/ml). 
 
In suspension, nanoparticles have a natural tendency to agglomerate because of their 
small size; as the size of the particles decrease, the interaction forces between the 
particles (especially van der Waals forces) increase, as does the probability of 
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collision amongst them. These are the reasons by which nanoparticles often form big 
and very strong agglomerates, which require exertion of high stresses in order to 
overcome the adhesion forces (Sauter et al. 2008). This became evident when a 
precipitate rapidly developed, clearly visible, after the stock suspensions were made. 
Due to this propensity, prior to diluting or use in an experiment, all solutions had to be 
sonicated in order to disperse them. This was conducted using a Soniprep 150 MSE 
sonicator, with 3 second pulses at 20 kHz followed by 6 second rests for 90 seconds. 
 
 
1.2.3. Preparation of buffers, growth media and agar plates 
- Phosphate Buffered Saline (PBS). Oxoid  
- Iso-Sensitest Broth (ISB). Oxoid 
- Tryptone Soya Broth (TSB). Oxoid 
- Iso-Sensitest Agar (ISA). Oxoid 
- Tryptone Soya Agar (TSA). Oxoid 
- Blood Agar with 5% v/v horse defibrinated blood. Oxoid 
- MacConkey agar. Oxoid 
- Foetal Calf Serum (FCS). Gibco 
 
PBS, as a buffer solution, provides the necessary buffered conditions for bacteria to 
survive for a limited time, and at the same time does not supply nutrients to allow 
growth. PBS was purchased as tablets, and ISB, TSB, ISA and TSA as powders, and 
all were reconstituted according to manufacturers’ instructions. FCS was used directly 
as the diluent for the preparation of nanoparticle suspensions. The agar used for the 
making of Blood agar plates was TSA, to which 5% v/v of horse defribinated blood 
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was added and gently mixed, prior to plate pouring. After autoclaving, the agar must 
be left to cool down to an approximate temperature of 45 oC prior to the addition of 
blood in order to avoid the lysis of erythrocytes. 
 
 
1.2.4. Microorganisms 
The collection of microorganisms used in the present study was obtained as follows: 
• From the Centre for Infectious Diseases (CID), Queen Mary, Barts and the 
London University: 
- Escherichia coli NCTC 9001 
- Pseudomonas aeruginosa PAoI 
- Staphylococcus aureus Oxford 
- Staphylococcus aureus Golden 
- Meticilin-resistant Staphylococcus aureus 252 (MRSA 252) 
- Proteus mirabilis 
 
• From the Department of Infectious Disease Epidemiology (DIDE), Imperial 
College: 
- Epidemic meticilin-resistant Staphylococcus aureus 15 (EMRSA 15) 
- Epidemic meticilin-resistant Staphylococcus aureus 16 (EMRSA 16) 
- Staphylococcus epidermidis 
 
For long term storage, following 24 hour incubation on blood agar at 37 oC in air with 
10% CO2, the cultivated microorganisms were transferred into cryotubes containing 
1% glycerol in TSB and stored at -80 oC.  
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1.2.5. Initial bacterial concentration establishment 
A preliminary study was carried out to establish the methodology to obtain 
approximate bacterial concentrations which would be appropriate to work with. 
Adjustment of an overnight culture to a certain optical density (O.D.) at a given 
wavelength (λ) provides a reproducible method which can be used throughout all the 
experiments. A small number of colonies of each strain/species were collected with a 
loop and inoculated in 10 ml of TSB and set to grow overnight in a shaker incubator 
(200 rpm, 37 oC). The DU 800 UV/Vis spectrophotometer (Beckman Coulter) and 
PBS, were then used to adjust the O.D. of the cultures. The chosen parameters were 
O.D. = 0.1, λ = 540 nm, and this decision was made based upon the data of Sondi and 
Salopek-Sondi (2004), who evaluated growth rates and bacterial concentrations by 
adjusting the E. coli cultures optical density to 0.1 at a similar wavelength. PBS was 
used to blank the spectrophotometer. 2-3 drops of the overnight culture added to 3-4 
ml of PBS provided the sought O.D. value, meaning that the small volume of TSB 
does not interfere with the determination and that PBS is an adequate blank. Serial 
dilutions were then prepared with PBS up to 10-5, and 20 µl of the -2, -3, -4 and -5 
dilutions plated on TSA, or MacConkey agar for Proteus mirabilis. This was 
performed per duplicate using two different overnight cultures, and in every case two 
different aliquots from each O.D.-adjusted culture were plated. The colonies on the 
plates were counted following overnight incubation. 
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1.2.6. Screening of nanoparticles for antimicrobial potential 
The available nanoparticles were tested for their antimicrobial properties. The 
bacterial species were challenged with the complete collection and growth inhibition 
and killing performance were evaluated. 
For growth inhibition and killing experiments, nanoparticles were mixed with a rich 
growth medium, which was ISB/ISA in this case. According to the supplier of the 
products (Oxoid), Iso-Sensitest agar was developed specifically for antimicrobial 
susceptibility tests. In addition, personal experience indicated that TSA would not be 
a good option for this particular assay, as it was observed that antibiotic diffusion in 
this agar can be impaired, whereas it is not in ISA, making this agar optimal. It was 
hypothesized that nanoparticles may behave in a similar manner to other 
antimicrobials in this agar. 
 
1.2.6.1. Growth inhibition assays 
Growth inhibition studies aim to determine the minimum concentration of an 
antimicrobial agent that will suppress the capacity of a given microorganism to divide 
and propagate, without causing cell death.  
With these experiments it was intended to elucidate whether the studied nanoparticles, 
and at what concentrations, were capable of preventing the growth and multiplication 
of the microorganisms tested, i.e., the potential bacteriostatic activity. Two different 
approaches to determine such concentrations were taken, one based upon agar plates 
and another on optical density increase. 
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1.2.6.1.1. Growth inhibition assays on agar plates 
Concentrated nanoparticle stock suspensions were prepared using Iso-Sensitest broth 
(ISB) as the suspending fluid.  
The tested nanoparticle concentrations were: 
- Silver: 250, 100, 50 and 20 µg/ml. 
- Other (non-silver): 2500, 1000, 500, and 250 µg/ml. 
 
Using 50 ml tubes, the corresponding volume of the stock nanoparticle suspensions 
was added to 20 ml of ISA after its temperature had dropped below 50 oC following 
autoclaving. The tubes were then gently inverted several times to promote mixing and 
then poured into petri dishes. Three sets of plates were prepared to carry out three 
replicates. 
 
To carry out the antibacterial test, a template with 20 dots was used (Fig. 1.1). 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. The 20-dot template.  
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This template was then placed beneath the iso-sensitest agar plates containing the 
different concentrations of nanoparticles. On each dot, a 2 µl drop of the different 
overnight-grown ISB bacterial species cultures of the collection, the O.D. of which 
had been adjusted to 0.1 (λ = 540nm) with PBS, was then inoculated. As a control, 
two nanoparticle-free ISA plates were also inoculated. Following incubation for 24h, 
growth was assessed. To determine the growth inhibitory concentrations, the criterion 
used was growth versus no growth. 
 
It is noteworthy that the genus Proteus has the ability to swarm on solid media. The 
bacterial growth spreads progressively from the edge of the colony and may 
eventually cover the whole surface of the medium. MacConkey agar is a selective 
medium that suppresses the swarming of Proteus. Hence, for this particular 
bacterium, MacConkey agar was used instead of ISA 
 
1.2.6.1.2. Growth inhibition assays based upon optical density increase 
The O.D. of the ISB overnight-grown bacterial suspensions was adjusted to 0.1 at λ = 
540 nm with PBS, and 10 µl of each were added to bijoux tubes (5 ml capacity), 
followed by 4 ml of sonicated nanoparticle suspension in ISB. The nanoparticle 
concentrations tested were the same as those in the growth inhibition assays on agar 
plates: 
- Silver: 250, 100, 50 and 20 µg/ml. 
- Other (non-silver): 2500, 1000, 500, and 250 µg/ml. 
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A blank tube containing 4 ml of ISB, and controls with 4 ml of nanoparticle-free ISB 
plus 10 µl of bacterial inoculum were also included. Nanoparticle suspensions were 
stored at 4 oC, and as they were reconstituted in broth, sterility checks were carried 
out: 10 µl of each were plated on ISA plates and incubated for 24h. 
 
In order to ensure an intimate contact between bacterial cells and nanoparticles, 
bijoux tubes were inserted in a rack and placed in a shaker (37 oC, 200 rpm). Initially, 
the samples were analyzed at t = 0, t = 2h, t = 5h, and t = 24h. At such time points, 
150 µl of every tester tube was transferred to a 96-well microtitre plate, and the O.D. 
at 540 nm measured utilizing a microtitre plate reader (VERSAmax tunable 
microplate reader). This was performed in triplicate utilizing different cultures. 
 
For this type of growth inhibition studies, the principle is based upon the increase in 
optical density that results from an increase in bacterial cell numbers. If growth 
occurs, the O.D. will increase; if it does not, the O.D. will remain steady. A decrease 
in optical density is not expected: if the bacterial cell division capacity is suppressed, 
or even if killing occurs, cells remain in the suspension and account for optical 
density. There exists only a window where cell concentration and optical density 
increase in a directly proportional manner; once the bacterial concentration has 
surpassed a certain level, saturation is reached and the O.D. stops augmenting 
proportionally with the bacterial concentration.  Nevertheless, in this particular case 
this is not of importance, as the criterion for the results is O.D. increase versus no 
change in O.D. Whereby, an increase in the O.D. measured is indicative of bacterial 
growth and, consequently, no bacteriostatic effects, whereas no change in O.D. would 
suggest, at least, a bacteriostatic action (as opposed to bacteriocidal effects). 
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1.2.6.2. Bacteriocidal activity 
Nanoparticle stock suspensions at 250 µg/ml for nanosilver and 5000 µg/ml for the 
rest of the nanoparticle collection were prepared using Iso-Sensitest Broth (ISB). 
Saturation was not reached in any case in spite of the high nanoparticle concentration, 
and after sonication the suspensions appeared uniform and subsequent dilutions were 
made. The final range of concentrations was 250, 100, 50, and 20 µg/ml for 
nanosilver, and 5000, 2500, 1000, 500, and 250 µg/ml for the remainder. 
 
Bacteria were grown overnight in 10 ml of ISB. After ensuring that no growth had 
occurred in the negative control tube (non-inoculated ISB), the optical density of the 
cultures was adjusted to 0.1 at λ = 540 nm. 10 µl was then added to eppendorfs 
containing 1 ml of each of the corresponding nanoparticle suspensions. These were 
then incubated with agitation (200 rpm) overnight at 37 oC. An eppendorf containing 
1 ml of nanoparticle-free ISB was also inoculated and used as the positive control. 
 
Following the overnight incubation, the 20-dot template (Fig. 1.1) was used to enable 
2 µl of each culture to be inoculated on nanoparticle-free ISA plates. These were put 
in the incubator overnight and finally growth was checked. The bacteriocidal 
concentrations were based upon a growth/no growth basis. 
 
Gold nanoparticle suspensions became available at this point, and were tested for 
bacteriocidal activity. They were provided by UCL (University College London) in a 
suspension of distilled water and 0.1% polyethylenglycol (PEG). The stock 
suspension at 1000 µg/ml was diluted appropriately to obtain concentrations of 500 
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and 250 µg/ml. Control suspensions of distilled water and 0.1% PEG, nanoparticle-
free, were also supplied. 
 
After having obtained the bacteriostatic and bacteriocidal data, and ascertained that 
nanosilver and nanocupric oxide were the nanoparticles that demonstrated superior 
antimicrobial properties, the bacteriocidal activity of blends of these two 
nanoparticles was examined. ISB suspensions were prepared at the following 
concentrations (in µg/ml): 
 
 Ag 50 + CuO 1000 
 Ag 25 + CuO 500 
 Ag 12.5 + CuO 250 
 
The aim of nanoparticle blends was to reduce the concentration of each nanoparticle 
while retaining antimicrobial potential. These concentrations were chosen considering 
the MIC and MBC determinations. 
 
All these tests were performed in triplicate. 
 
1.2.7 Time-kill assays 
The determination of bacteriostatic and bacteriocidal concentrations disregard the 
time required for the antimicrobial agent to demonstrate an effect. With the use of 
time-kill assays it was intended to obtain a dynamic understanding as to how 
nanoparticles exert their antimicrobial effects. Only those nanoparticles which yielded 
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promising antimicrobial potential in the initial screening experiments were tested. 
These were nanosilver (Ag) and nanocupric oxide (CuO). Likewise, it was from the 
initial screening tests that the nanoparticle concentrations to be tested were chosen: 
silver, 250, 100, and 50 µg/ml; cupric oxide, 2500, 1000, and 500 µg/ml. Silver/cupric 
oxide blends were also tested. In this case, synergism between nanoparticles was 
investigated, and also the possibility of reducing nanoparticle concentrations whilst 
maintaining the antimicrobial capacity. The tested concentrations were 50+1000, 
25+500, and 12.5+250 µg/ml, nanosilver+nanocupric oxide. 
 
In order to check whether nanoparticles performed better as antimicrobials than non-
nanoparticulates, bacteria were challenged with silver and copper salts: silver nitrate 
[AgNO3], and cupric nitrate [Cu(NO3)2]. In this case, controls were carried out with 
potassium nitrate to check for detrimental effects on the bacterial survival caused by 
the presence of nitrate. 
 
In addition, our supplier developed a blend of nanoparticles and provided a sample 
suspended in PBS to test its antimicrobial potential. This contained tungsten carbide, 
silver, cupric oxide, and zinc oxide; however, its exact composition can not be 
revealed due to patent restrictions. 
 
In this set of experiments, PBS was the diluent of choice for the nanoparticle 
suspensions. As a buffer, it allows bacteria to survive but it does not support 
proliferation. Consequently, no bacterial propagation is expected, and decreases in 
microbial viability can be attributed solely to the antimicrobial effect of nanoparticles. 
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Time-kill assays were carried out in triplicate under a range of conditions: 
- In PBS. 
- In foetal calf serum (FCS). In this case, nanoparticle suspensions were 
prepared in FCS instead of PBS, and for nanoparticle-free controls FCS was 
also used. The aim was to bring the environmental conditions closer to the 
physiological situation.  
- Under ultraviolet (UV) light. This assay was conducted utilizing TiO2 
nanoparticles only, as antimicrobial activity of titanium dioxide in the 
presence of UV light has been reported (Alrousan et al. 2009, Salih 2002). 
 
In the TiO2 + UV light assay, samples were maintained in agitation (1000 rpm) with 
the help of a vortex for the length of the treatment. A UV lamp (Ultra-Violet 
Products, Inc., Model UVSL-58) emitting light at 366 nm was placed directly above 
the samples, and the whole covered with an opaque cardboard box to avoid visible 
light interference (Figure 1.2). 
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Fig. 1.2. Time-kill assay apparatus utilizing TiO2 and ultraviolet light. Samples contained in 
eppendorfs consisted of PBS+bacterial culture (control) and PBS+bacterial culture+different 
concentrations of TiO2 nanoparticles. Vortex speed was set at 1000 rpm.  
 
UV lamp (light source) 
Vortex 
A 
Samples 
B 
Speed 
controller 
 - 60 - 
The bacterial species were grown overnight in TSB, and the optical density adjusted 
to 0.1 (λ = 540 nm). It was determined that adding 10 µl of the O.D.-adjusted culture 
to 800 µl of the nanoparticle suspensions was appropriate in order to produce a 
countable number of colonies when plated on agar. 
 
At time 0, 10 µl of the O.D.-adjusted cultures were mixed with 800 µl of the control 
(nanoparticle-free PBS)/tester nanoparticle suspensions in eppendorf tubes. These 
were then placed in a shaker incubator (200 rpm, 37 oC), and at different time points 
samples were taken. Generally, where silver was tested these time points were 30, 60, 
90 and 120 minutes, and in the case of copper these were 1, 2, 3 and 4 hours. Samples 
were then serially diluted (50 µl plus 450 µl of PBS) down to 10-4, and 20 µl of the 
10-1, 10-2, 10-3 and 10-4 dilutions were plated onto TSA (MacConkey agar for Proteus 
mirabilis). The inoculated agar plates were then incubated for 24h and the number of 
colonies counted. 
 
 
1.2.8 Statistical analysis 
Differences in the antimicrobial effect caused by the different concentrations of 
nanoparticles tested were statistically analyzed by One-way Analysis of Variance 
(ANOVA), using Microsoft Office Excel software. The p value produced by this test 
was interpreted as follows: 
o >0.05: Not significant 
o 0.01 to 0.05: Significant 
o 0.001 to 0.01: Very significant 
o <0.001: Extremely significant 
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Where p indicates no significant differences, it denotes that the observed differences, 
if any, are due to chance; conversely, p showing significant differences indicates that 
variation among concentrations is significantly greater than expected by chance. 
Where ANOVA indicated that differences were significant, the Tukey-Kramer 
Multiple Comparison Test, using the INSTAT software, was carried out to discern 
between which concentrations these differences laid. 
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1.3. Results 
1.3.1. Initial bacterial concentration establishment 
Following overnight incubation of the agar plates, the colonies of the two replicates 
were counted, and allowing for the dilution and volume plated, the following results 
were obtained, in colony forming units per millilitre (cfu/ml): 
 
Strain Cfu/ml 
E. coli NCTC 9001 6.57x107 
P. aeruginosa PAoI 6x107 
Proteus mirabilis 4.3x107 
S. aureus Oxford 1.4x108 
S. aureus Golden 1.54x108 
MRSA 252 7.6x107 
EMRSA 15 2.19x108 
EMRSA 16 5x107 
S. epidermidis 9.5x107 
Table 1.1. Bacterial concentration at an optical density of 0.1 (λ = 540 nm) (n=2). 
 
From these results, it can be concluded that the bacterial concentration for these 
species/strains, in a sample that has been adjusted to O.D. = 0.1, λ = 540 nm, is in the 
order of 108 cfu/ml. 
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1.3.2. Growth inhibition assays 
1.3.2.1. Growth inhibition assays on agar plates 
Growth versus no growth was the criterion used in this experiment; however, in some 
cases a few small, isolated colonies appeared to have grown on the corresponding dot 
of the plates, but still markedly different from the control plates, where they adopted 
an aspect of one single, large, and confluent growth. Such result was considered 
negative. 
 
Based on three replicates, table 1.2 illustrates the minimum nanoparticle 
concentrations that prevented the growth of the tested bacteria. 
 
 Ag Cu CuO Cu2O 
Silicon (IV) 
Nitride ZnO 
E.coli NCTC 9001 100 1000 1000 1000 >500 <250 
EMRSA 16 100 2500 500 1000 NT <250 
P.aeruginosa PAoI 100 2500 2500 1000 >500 >2500 
P. mirabilis 100 2500 2500 2500 NT >2500 
S.aureus Oxford 100 1000 <250 1000 NT >2500 
S. epidermidis 100 1000 1000 1000 NT <250 
EMRSA 15 100 500 500 500 NT <250 
Mean 100 1571.43 * 1142.86 >500 * 
 
 Al2O3 TiO2 Ni NiO ZrO2 WC 
E.coli NCTC 9001 >2500 >2500 >2500 >2500 >2500 >2500 
EMRSA 16 >2500 >2500 >2500 >2500 >2500 >2500 
P.aeruginosa PAoI >2500 >2500 >2500 >2500 >2500 >2500 
P. mirabilis >2500 1000 >2500 >2500 >2500 >2500 
S.aureus Oxford >2500 >2500 >2500 >2500 >2500 >2500 
S. epidermidis >2500 >2500 >2500 >2500 >2500 >2500 
EMRSA 15 >2500 >2500 >2500 >2500 >2500 >2500 
Mean >2500 * >2500 >2500 >2500 >2500 
Table 1.2. Minimum nanoparticle concentration which prevented the growth of the tested bacterial 
species. Units are in µg/ml. NT = not tested. * = mean could not be determined due to non-discreet 
values (n=3). 
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The growth of all the bacterial species tested on the nanoparticle-free ISA plates 
confirmed the ability of the bacterial species to grow on this agar. Due to nanoparticle 
availability, the experiment with Silicon (IV) Nitride could only be carried out with 
two species and two concentrations. 
 
A concentration of 100 µg/ml of nanosilver was capable of inhibiting the growth of 
all the bacterial species tested, making this nanoparticle the most potent at growth 
prevention. 
 
Copper and its oxides also showed a good bacteriostatic activity. The results indicate 
that, of the three, CuO is the nanoparticle that performed best, followed by Cu2O and 
finally Cu. However, the differences between this group do not appear to be 
substantial, and in every case the concentrations needed are higher than those for 
silver to exert the bacteriostatic effect. 
 
Zinc oxide exhibited a disparate bacterial growth inhibition capacity: for four species 
a concentration lower than 250 µg/ml was effective, whereas for the other three 2500 
µg/ml did not cause growth inhibition. 
 
The rest of the nanoparticles tested lacked any significant bacteriostatic properties, or 
were very poor. 
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1.3.2.2 Growth inhibition assays based upon optical density increase 
Optical density changes, if present, were found to be minimal at both 2 and 5 hours. 
This is the reason why only observations made after a 24 hour incubation were taken 
into account. 
 
The following graphs (1.3 to 1.14) show the effect of the collection of nanoparticles 
on the growth of the seven bacterial strains after 24 hour exposure. 
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Fig 1.3. The capacity of nanoparticulate silver to prevent growth of seven different bacterial strains 
over a 24 hour period based on optical density increase. The nanoparticle was tested at four different 
concentrations (250, 100, 50 and 20 µg/ml). Results are expressed as percentage of control 
(nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.4. The capacity of nanoparticulate elemental copper to prevent growth of seven different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at four 
different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.5. The capacity of nanoparticulate cupric oxide to prevent growth of seven different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at four 
different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.6. The capacity of nanoparticulate cuprous oxide to prevent growth of seven different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at four 
different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.7. The capacity of nanoparticulate silicon (IV) nitride to prevent growth of two different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at two 
different concentrations (500 and 250 µg/ml). Results are expressed as percentage of control 
(nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.8. The capacity of nanoparticulate zinc oxide to prevent growth of seven different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at four 
different concentrations (2500, 1000, 500 and 250µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.9. The capacity of nanoparticulate trioxide of dialuminium to prevent growth of seven different 
bacterial strains over a 24 hour period based on optical density increase. The nanoparticle was tested at 
four different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.10. The capacity of nanoparticulate titanium dioxide to prevent growth of seven different 
bacterial strains over a 24 hour period based on optical density increase. The nanoparticle was tested at 
four different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.11. The capacity of nanoparticulate elemental nickel to prevent growth of seven different 
bacterial strains over a 24 hour period based on optical density increase. The nanoparticle was tested at 
four different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.12. The capacity of nanoparticulate nickel oxide to prevent growth of seven different bacterial 
strains over a 24 hour period based on optical density increase. The nanoparticle was tested at four 
different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.13. The capacity of nanoparticulate zirconium oxide to prevent growth of seven different 
bacterial strains over a 24 hour period based on optical density increase. The nanoparticle was tested at 
four different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
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Fig 1.14. The capacity of nanoparticulate tungsten carbide to prevent growth of seven different 
bacterial strains over a 24 hour period based on optical density increase. The nanoparticle was tested at 
four different concentrations (2500, 1000, 500 and 250 µg/ml). Results are expressed as percentage of 
control (nanoparticle-free culture). Standard deviation bars are shown (n=3). 
 
The O.D. in the blank tubes (4 ml of ISB) did not vary throughout the experiment in 
any case, whereas it increased significantly in the positive control tubes (4 ml of ISB 
and 10 µl of bacterial inoculum, nanoparticle-free). Nanoparticle suspensions were 
shown to be sterile as no colonies grew on the agar plates inoculated with 10 µl of 
each after overnight incubation. Taken together the experiment was shown to be valid. 
 
As in the prior growth inhibition determination assays, the experiment with Silicon 
(IV) Nitride could only be carried out with two species and two concentrations due to 
nanoparticle availability. 
 
Silver was the nanoparticle which demonstrated the most potent capacity to inhibit the 
growth of the seven species evaluated. At 250 and 100 µg/ml, silver inhibited 
completely the growth of the seven species tested. Any lower concentrations 
evaluated resulted to be less or not effective. For example, the greatest bacteriostatic 
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effect with a silver concentration of less than 100 µg/ml was seen with 50 µg/ml, 
which repressed the growth of Proteus mirabilis by only 50%. 
 
The three copper species demonstrated considerable potential at inhibiting bacterial 
growth. Within this group of nanoparticles, CuO was superior, with inhibition 
percentages between 80 and 90 for all species at 500 µg/ml and above; inhibition 
percentages with the lowest CuO concentration tested, i.e. 250 µg/ml, varied between 
20 and 60, with the exception of E. coli NCTC 9001, where it was approximately 
75%. Cu2O showed a similar pattern, with inhibition percentages of 80% using 500 
µg/ml of the nanoparticle, and the lowest concentration tested (250 µg/ml), only being 
effective on E. coli NCTC 9001. The effectiveness of Cu, in comparison, was inferior: 
2500 µg/ml was effective against all species; 1000 µg/ml still demonstrated marked 
bacteriostatic activity except for P. aeruginosa PAoI; 500 µg/ml was effective against 
three species only, and finally the observed growth inhibition effect was poor for the 
lowest Cu concentration tested (250 µg/ml). 
 
The highest concentration of zinc oxide tested, 2500 µg/ml, effectively prevented 
bacterial growth of all species/strains, with S. aureus Oxford being the species which 
showed the highest resistance to this nanoparticle with 70% inhibition. 1000 µg/ml 
were effectual for only two species (S. epidermidis and EMRSA 15), and the 
immediate lower concentration (500 µg/ml) only for S. epidermidis. 
 
Overall, the rest of the nanoparticles tested did not show consistent bacteriostatic 
properties. For example, nickel was shown to be exceptionally effective against P. 
aeruginosa PAoI, but it did not have activity on any other species. Zirconium oxide at 
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2500 and 1000 µg/ml inhibited the growth of S. aureus Oxford, but on the other 
species evaluated the effect was generally poor. 
 
 
Two methods were used to determine the minimum concentration of the tested 
nanoparticles which would prevent bacterial growth: one based upon growth on agar 
plates, and one based on optical density increase. Although the results yielded by both 
were mostly in agreement, this was not always the case. In such instances, the results 
produced by the method based on agar plates indicated that, generally, higher 
nanoparticle concentrations were required to prevent bacterial growth. An example 
was P. aeruginosa PAoI and zinc oxide: the bacteriostatic concentration of the 
nanoparticle was shown to be 2500 µg/ml by the O.D. changes assay, and >2500 
µg/ml with the agar plates experiment. P. mirabilis and the three nanocopper species 
was a similar case.  
 
Both methods indicated that, of the whole collection tested, the nanoparticle which 
possessed the best bacteriostatic activity was silver, with 100 µg/ml suppressing the 
bacterial capacity to grow. 
 
Nanoparticles of copper and its oxides followed nanosilver in bacteriostatic 
capability. Concentrations necessary to prevent growth were higher, and increased 
between 2.5 and 25-fold in comparison to nanoparticulate silver. In order of 
decreasing bacteriostatic performance: CuO > Cu2O > Cu. 
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The other nanoparticle showing a marked capacity to suppress bacterial growth was 
zinc oxide. At a concentration of 2500 µg/ml it functioned satisfactorily as a 
bacteriostatic agent. 1000 µg/ml also was effective against two species (S. epidermidis 
and EMRSA 15), and 500 µg/ml on S. epidermidis. 
 
 
1.3.3 Bacteriocidal activity 
Table 1.3 shows the minimum nanoparticle concentration necessary to cause cell 
death, which was verified by the absence of growth on nanoparticle-free ISA plates 
(MacConkey agar for P. mirabilis) after overnight incubation in different nanoparticle 
concentrations. 
 
  Ag Cu CuO Cu2O 
Silicon 
(IV)Nitride ZnO 
E. coli NCTC 9001 100 2500 500 500 >5000 >5000 
EMRSA 16 100 1000 1000 2500 >5000 5000 
P.aeruginosa PAoI 100 2500 2500 2500 >5000 >5000 
P. mirabilis 100 2500 2500 2500 >5000 >5000 
S.aureus Oxford 100 1000 1000 2500 >5000 5000 
S. epidermidis 100 1000 1000 2500 >5000 2500 
EMRSA 15 100 500 500 2500 >5000 2500 
Mean 100 1571.43 1285.71 2214.29 >5000 * 
 
  Al2O3 TiO2 Ni NiO ZrO2 WC 
E. coli NCTC 9001 >5000 >5000 >5000 >5000 >5000 >5000 
EMRSA 16 >5000 >5000 >5000 >5000 >5000 >5000 
P.aeruginosa PAoI >5000 >5000 >5000 >5000 >5000 >5000 
P. mirabilis >5000 >5000 >5000 >5000 >5000 >5000 
S.aureus Oxford >5000 >5000 >5000 >5000 >5000 >5000 
S. epidermidis >5000 >5000 >5000 >5000 >5000 >5000 
EMRSA 15 >5000 >5000 >5000 >5000 >5000 >5000 
Mean >5000 >5000 >5000 >5000 >5000 >5000 
Table 1.3. Minimum nanoparticle concentration which caused the killing of the tested bacterial species 
cells. Units are in µg/ml. * = mean could not be determined due to non-discreet values (n=3). 
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These results confirm the superior bacteriocidal activity of nanosilver. Treatment with 
100 µg/ml of this nanoparticle caused the death of all the tested bacterial species. 
Copper and its species followed in bacteriocidal potential, and finally zinc oxide. This 
is in agreement with the bacteriostatic activity determinations.  
 
The bacteriocidal effects of nanogold are illustrated in table 1.4: 
  
E.coli 
NCTC 
9001 
EMRSA 
16 
P.aeruginosa 
PAoI 
P. 
mirabilis 
S.aureus 
Oxford 
S. 
epidermidis 
EMRSA 
15 
PEG 
0.1%(w/v) P N P P P N P 
Au 1000 P N N N P N N 
Au 500 P N P N P N N 
Au 250 P N P N P N N 
Table 1.4. Bacteriocidal activity of nanogold. ‘P’ (positive) represents the occurrence of growth; N 
(negative) indicates growth absence (n=3).  
 
For S. epidermidis and EMRSA 16, no growth occurred in the positive control tubes 
(0.1% PEG) and, therefore, no conclusions can be reached. For E. coli NCTC 9001 
and S. aureus Oxford, gold showed no antibacterial activity at the tested 
concentrations, thus a bacteriostatic concentration of >1000 µg/ml was recorded. For 
P. mirabilis, P .aeruginosa PAoI and EMRSA 15 results were encouraging: cells 
grew in the control tubes and no growth occurred in the majority of the test tubes, 
demonstrating that gold has antibacterial activity for those species. In such cases, a 
bacteriocidal value can be assigned: 
 
- P. mirabilis: < 250 µg/ml 
- P. aeruginosa: 1000 µg/ml 
- EMRSA 15: <250 µg/ml 
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The bacteriocidal data obtained with silver and cuprous oxide nanoparticle blends are 
shown in table 1.5: 
 
  Ag + CuO 
E. coli NCTC 9001 < Ag12.5 + CuO250 
EMRSA 16 Ag25 + CuO500 
P.aeruginosa PAoI < Ag12.5 + CuO250 
P. mirabilis < Ag12.5 + CuO250 
S. aureus Oxford Ag25 + CuO500 
S. epidermidis Ag25 + CuO500 
EMRSA 15 Ag25 + CuO500 
Table 1.5. Bacteriocidal concentrations of Ag and CuO nanoparticle blends against seven bacterial 
species. Concentrations are in µg/ml (n=3). 
 
The Ag and CuO nanoparticles capacity to kill bacterial cells was vastly increased 
when blends were made, and the bacteriocidal effect was achieved utilizing greatly 
lower concentrations. When used independently, silver necessitated a minimum of 
100 µg/ml to exert such effect, whereas in the blends this was achieved with 
concentration varying from 25 to less than 12.5 µg/ml. The same situation applies to 
cupric oxide: 500 to less than 250 µg/ml of the nanoparticle in the blend showed 
marked activity, whereas, when used on its own, the effective concentrations ranged 
from 500-2500 µg/ml. 
 
 
1.3.4 Time-kill assays 
1.3.4.1. PBS as nanoparticle suspension diluent 
The seven bacterial species were tested with silver, cupric oxide, and blends of both 
nanoparticles suspended in PBS. 
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The following charts (1.15 to 1.21) show the bacterial concentration decrease in time 
when treated with nanosilver. 
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Fig. 1.15. Decrease of S. aureus Oxford population with respect to time when treated with three 
different concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
EMRSA 15
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Fig. 1.16. Decrease of EMRSA 15 population with respect to time when treated with three different 
concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of control 
(nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 - 78 - 
EMRSA 16
0%
20%
40%
60%
80%
100%
120%
140%
30 60 90 120
Time (min)
Su
rv
ia
l (%
 
o
f c
o
n
tr
o
l)
Ag 250
Ag 100
Ag 50
Fig. 1.17. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of control 
(nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
 
E. coli NCTC 9001
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Fig. 1.18. Decrease E.coli NCTC 9001 population with respect to time when treated with three 
different concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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S. epidermidis
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Fig. 1.19. Decrease of S.epidermidis population with respect to time when treated with three different 
concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of control 
(nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
 
P. aeruginosa PAoI
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Fig. 1.20. Decrease of P.aeruginosa PAoI population with respect to time when treated with three 
different concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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P. mirabilis
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Fig. 1.21. Decrease of P.mirabilis population with respect to time when treated with three different 
concentrations of nanosilver (250, 100, and 50 µg/ml). Results are given as percentage of control 
(nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
Nanosilver was demonstrated to be an excellent antimicrobial agent. A difference 
between gram-positive and gram-negative bacteria can be observed. One hour after 
the initiation of the treatment, the entire population of the three gram-negative species 
had been reduced to zero; conversely, the gram-positive were shown to be more 
resistant to this nanoparticle, with reduction percentages after two hours varying 
between 80 and 100. EMRSA 16 was an exception, with its population reduced by 
only 60% at the end of treatment. 
 
Statistical analysis was carried out to determine any differences between the 
antimicrobial effects caused by the three nanosilver concentrations tested at a given 
time point. Differences were found at the 90 minute time point with S. epidermidis, 
where significant differences between 250 and 50 µg/ml, and between 100 and 50 
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µg/ml concentrations used were shown. Interestingly, those were the only significant 
differences, none were found for any other species or for S. epidermidis at the other 
three time points. 
 
 
The following charts (1.22 to 1.27) show the bacterial concentration decrease in time 
when treated with cupric oxide nanoparticles. 
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Fig. 1.22. Decrease of S. aureus Oxford population with respect to time when treated with three 
different concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as 
percentage of control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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EMRSA 15
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Fig. 1.23. Decrease of EMRSA 15 population with respect to time when treated with three different 
concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
 
EMRSA 16
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Fig. 1.24. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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E. coli NCTC 9001
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 Fig. 1.25. Decrease of E.coli NCTC 9001 population with respect to time when treated with three 
different concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as 
percentage of control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
 
S. epidermidis
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 Fig. 1.26. Decrease of S. epidermidis population with respect to time when treated with three different 
concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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P. mirabilis
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 Fig. 1.27. Decrease of P.mirabilis population with respect to time when treated with three different 
concentrations of nanocupric oxide (2500, 1000, and 500 µg/ml). Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
 
 
Nanocupric oxide was extremely effective against P. aeruginosa PAoI. The entire 
population of this species was killed within the first time point (1 hour) even at the 
lowest nanoparticle concentration tested (500 µg/ml) (graphic not shown). In this 
case, cupric oxide nanoparticles were shown to be more effective than nanosilver, 
which needed 90 minutes to achieve a 100% reduction of P. aeruginosa PAoI. While, 
with EMRSA 16 the effects on bacterial killing were similar with both nanoparticles. 
However, these were the only cases where similar effects were seen. No obvious 
differences were observed regarding cupric oxide nanoparticles antimicrobial capacity 
with regard to gram-negative and gram-positive bacterial species. 
 
Statistical analysis demonstrated significant differences only in the case of E. coli 
NCTC 9001 and P. mirabilis at the 4 hour time point between 2500 and 500 µg/ml.  
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The following charts (1.28 to 1.31) show the bacterial concentration decrease in time 
when treated with silver/cupric oxide blends. 
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Fig. 1.28. Decrease of S.aureus Oxford population with respect to time when treated with three 
different concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively). Results are given as percentage of control (nanoparticle-free PBS). Standard deviation 
bars are shown (n=3). 
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EMRSA 15
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Fig. 1.29. Decrease of EMRSA 15 population with respect to time when treated with three different 
concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively). Results are given as percentage of control (nanoparticle-free PBS). Standard deviation 
bars are shown (n=3). 
 
 
EMRSA 16
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Fig. 1.30. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively). Results are given as percentage of control (nanoparticle-free PBS). Standard deviation 
bars are shown (n=3). 
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S. epidermidis
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 Fig. 1.31. Decrease of S.epidermidis population with respect to time when treated with three different 
concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively). Results are given as percentage of control (nanoparticle-free PBS). Standard deviation 
bars are shown (n=3). 
 
 
Silver/Cupric oxide nanoparticle blends, in general, were superior as antimicrobials 
than either of the two nanoparticles alone. They caused a 100% reduction within one 
hour for all the gram-negative species tested (E. coli NCTC 9001, P. aeruginosa 
PAoI, and P. mirabilis) (graphics not shown). With the exception of P. aeruginosa 
PAoI and nanocupric oxide, neither nanoparticle alone achieved such reduction. In 
comparison to nanosilver alone, the blend had an overall similar effectiveness for 
gram-positive; however, the concentration of nanosilver in the blends was lower than 
for that nanoparticle when tested alone. In comparison to cupric oxide nanoparticles, 
the antimicrobial effect on the gram-positive species of the blends was more marked 
and, again, the concentration of the nanoparticle was lower in the blends than when 
tested alone. 
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ANOVA analysis only showed significant differences in one case (S. epidermidis, two 
hour time point), implying that the lowest nanoparticle concentration in the blends 
was as satisfactory as the highest at achieving significant antimicrobial activity. 
 
 
Time-kill assays were also conducted using a blend of nanoparticles (multicomponent 
blend) developed by our supplier. Its components cannot be fully disclosed due to 
patent restrictions, but it is known to contain nanoparticles of tungsten carbide, silver, 
cupric oxide, and zinc oxide suspended in PBS. Four bacterial species were 
challenged with this blend, two gram-positive and two gram-negative, and Figure 1.32 
shows the antimicrobial effects it exhibited. 
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Fig. 1.32. Decrease of the population of four bacterial species with respect to time when treated with 
the multicomponent nanoparticle blend provided by our supplier. Results are given as percentage of 
control (nanoparticle-free PBS). Standard deviation bars are shown (n=3). 
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The blend demonstrated an outstanding antimicrobial capacity in comparison to other 
tests performed. It reduced the viability of the gram-negative species by 40% in 30 
minutes, and in an hour the entire populations had been killed. With respect to the 
gram-positive species, S. epidermidis viable counts were reduced to less than 30% in 
30 minutes, and to zero after an hour; EMRSA 16 was shown to be the most resistant 
species of the four tested, and after one hour 25% of the population still remained 
viable, but was virtually eliminated at 90 minutes. 
 
 
1.3.4.2. FCS as nanoparticle suspension diluent 
Three bacterial species from the collection were selected to carry out time-kill assays 
with foetal calf serum (FCS) instead of PBS. These species were E. coli NCTC 9001, 
P. aeruginosa PAoI, and EMRSA 16. FCS is an enriched medium that brings the 
conditions of the experiment closer to the physiological situation. The bacterial 
species were again tested with silver, cupric oxide, and blends of both nanoparticles 
suspended in FCS, and the same concentrations tested as with PBS. 
 
Fig. 1.33 to 1.35 illustrate the antimicrobial effect of nanosilver when FCS is the 
suspending media. 
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Fig. 1.33. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of nanosilver (250, 100, and 50 µg/ml) with FCS as the suspending medium. 
Results are given as percentage of control (nanoparticle-free FCS). Standard deviation bars are shown 
(n=3). 
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 Fig. 1.34. Decrease of P. aeruginosa NCTC 9001 population with respect to time when treated with 
three different concentrations of nanosilver (250, 100, and 50 µg/ml) with FCS as the suspending 
medium. Results are given as percentage of control (nanoparticle-free FCS). Standard deviation bars 
are shown (n=3). 
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Fig. 1.35. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanosilver (250, 100, and 50 µg/ml) with FCS as the suspending medium. Results are 
given as percentage of control (nanoparticle-free FCS). Standard deviation bars are shown (n=3). 
 
 
Nanosilver was shown to eliminate the entire population of the two tested gram-
negative bacteria within 90 minutes. The treatment was less effective with the gram-
positive species, where the bacterial count was reduced by 80% after the two hour 
exposure to the nanoparticle. This is in agreement with the results obtained when the 
assays were conducted in PBS: gram-negative species being more sensitive to 
nanosilver than the gram-positive. With the exception of E. coli NCTC 9001 at 60 
minutes after the initiation of the treatment, where 250 µg/ml of nanosilver were 
shown to be more effective than 50, the statistical analysis again showed no 
significant differences between the effects caused by the three nanoparticle 
concentrations tested, indicating the lowest to be as effective as the highest. 
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ANOVA analysis was used to compare differences between the results when carried 
out in PBS and in FCS, and the analysis showed that there were no significant 
differences in any case. 
 
 
The following graphics (1.36 to 1.38) show the antimicrobial effect of CuO 
nanoparticles suspended in FCS: 
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 Fig. 1.36. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of nanocupric oxide (250, 100, and 50 µg/ml) with FCS as the suspending 
medium. Results are given as percentage of control (nanoparticle-free FCS). Standard deviation bars 
are shown (n=3). 
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Fig. 1.37. Decrease of P. aeruginosa PAoI population with respect to time when treated with three 
different concentrations of nanocupric oxide (250, 100, and 50 µg/ml) with FCS as the suspending 
medium. Results are given as percentage of control (nanoparticle-free FCS). Standard deviation bars 
are shown (n=3). 
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Fig. 1.38. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanocupric oxide (250, 100, and 50 µg/ml) with FCS as the suspending medium. 
Results are given as percentage of control (nanoparticle-free FCS). Standard deviation bars are shown 
(n=3). 
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At the highest concentration used (2500 µg/ml), copper oxide nanoparticles 
suspended in FCS produced a 100% reduction in the populations of E. coli NCTC 
9001 after a 3 hour exposure and of P. aeruginosa PAoI after 4 hours. However, with 
the exception of these two cases, and despite substantial reductions with time, none of 
the three species tested were completely eliminated after the 4 hour treatment with 
cupric oxide nanoparticles suspended in FCS. No significant differences were 
observed between the gram-negative and gram-positive species tested, which is in 
agreement with the observations in the assays conducted using PBS as the 
nanoparticle diluent. The only significant differences shown with ANOVA analysis 
upon comparing the three different nanoCuO concentrations was at the 3 hour time 
point between 2500 and 500 µg/ml, and between 1000 and 500 µg/ml, which 
demonstrates that, in most cases, the lowest nanocupric oxide concentration (500 
µg/ml) was as effective as the highest (2500 µg/ml). 
 
 
Finally, figures 1.39 to 1.41 show the antimicrobial performance of silver/cupric 
oxide nanoparticle blends suspended in FCS. 
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Fig. 1.39. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively) with FCS as the suspending medium. Results are given as percentage of control 
(nanoparticle-free FCS). Standard deviation bars are shown (n=3). 
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Fig. 1.40. Decrease of P. aeruginosa PAoI population with respect to time when treated with three 
different concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively) with FCS as the suspending medium. Results are given as percentage of control 
(nanoparticle-free FCS). Standard deviation bars are shown (n=3). 
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Fig. 1.41. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of nanosilver/nanocupric oxide blends (50/1000, 25/500, and 12.5/250µg/ml, 
respectively) with FCS as the suspending medium. Results are given as percentage of control 
(nanoparticle-free FCS). Standard deviation bars are shown (n=3). 
 
 
Silver/cupric oxide nanoparticle blends were shown to be markedly effective as 
antimicrobial agents in the presence of FCS. A 100% reduction in counts of bacteria 
was achieved in all cases, and the gram-negative species were more readily killed than 
the gram-positive, for which complete killing was achieved one hour later. 
 
Statistically, in the case of P. aeruginosa PAoI significant differences were found at 
the 1, 2 and 3 hour time points, indicating that higher nanoparticle concentration used 
was more effective. In the case of EMRSA 16 there was also a significant difference 
between concentrations used at the 2 hour time point. 
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1.3.4.3. Silver and copper salts 
Four bacterial species, two gram-positive and two gram-negative, were tested with 
silver nitrate (AgNO3) and cupric nitrate [Cu(NO3)2] suspended in PBS. The 
concentrations tested were, for silver nitrate, 250, 100, and 50 µg/ml, and for cupric 
nitrate, 2500, 1000, and 500 µg/ml. 
 
As a control, bacteria were incubated with 3000 µg/ml of KNO3. An unpaired t-test 
revealed no significant differences between the viable counts following incubation in 
both potassium nitrate and PBS. It can be assumed, therefore, that the presence of 
nitrate does not cause cell death over a 4 hour test period. 
 
The results of the experiment using AgNO3 are illustrated in the following charts (Fig. 
1.42 to 1.45): 
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Fig. 1.42. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of silver nitrate (250, 100, and 50 µg/ml) with PBS as the suspending medium. 
Results are given as percentage of control (incubation with KNO3). Standard deviation bars are shown 
(n=3). 
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Fig. 1.43. Decrease of P. aeruginosa PAoI population with respect to time when treated with three 
different concentrations of silver nitrate (250, 100, and 50 µg/ml) with PBS as the suspending medium. 
Results are given as percentage of control (incubation with KNO3). Standard deviation bars are shown 
(n=3). 
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Fig. 1.44. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of silver nitrate (250, 100, and 50 µg/ml) with PBS as the suspending medium. Results 
are given as percentage of control (incubation with KNO3). Standard deviation bars are shown (n=3). 
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Fig. 1.45. Decrease of S. epidermidis population with respect to time when treated with three different 
concentrations of silver nitrate (250, 100, and 50 µg/ml) with PBS as the suspending medium. Results 
are given as percentage of control (incubation with KNO3). Standard deviation bars are shown (n=3). 
 
 
Treatment with silver nitrate demonstrated this salt to be markedly effective. For three 
species, at 90 minutes of incubation, the silver salt caused the bacterial survival 
percentage to fall to below 10%, with complete killing by 2 hours. EMRSA 16 
appeared to be the most resistant species to this treatment, with 80% reduction at the 
end of the exposure to silver nitrate. No obvious differences were observed as regards 
to the gram nature of the species, and ANOVA showed no differences between the 
three concentrations of the salt tested. Likewise, this statistical analysis did not show 
any significant differences between the treatment with AgNO3 and nanosilver. 
 
 
The following graphs show the results of the experiment using Cu(NO3)2 (Fig. 1.46 to 
1.49): 
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Fig. 1.46. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of cupric nitrate (2500, 1000, and 500 µg/ml) with PBS as the suspending 
medium. Results are given as percentage of control (incubation with KNO3). Standard deviation bars 
are shown (n=3). 
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Fig. 1.47. Decrease of P. aeruginosa PAoI population with respect to time when treated with three 
different concentrations of cupric nitrate (2500, 1000, and 500 µg/ml) with PBS as the suspending 
medium. Results are given as percentage of control (incubation with KNO3). Standard deviation bars 
are shown (n=3). 
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Fig. 1.48. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of cupric nitrate (2500, 1000, and 500 µg/ml) with PBS as the suspending medium. 
Results are given as percentage of control (incubation with KNO3). Standard deviation bars are shown 
(n=3). 
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Fig. 1.49. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of cupric nitrate (2500, 1000, and 500 µg/ml) with PBS as the suspending 
medium. Results are given as percentage of control (incubation with KNO3). Standard deviation bars 
are shown (n=3). 
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Statistical analysis performed on the treatment with cupric nitrate showed significant 
differences between the three concentrations tested. In the case of S. epidermidis, at 
the one hour time point a dose-response effect was clear, and at two hours the three 
concentrations of cupric nitrate achieved a complete elimination of the bacterial 
population (under 10% survival in the case of the lowest concentration tested). 
However, the only concentration of the copper salt that, in all cases, showed the 
capability to effectively bring the bacterial viability down to zero was 2500 µg/ml. In 
the case of P. aeruginosa PAoI, 1000 µg/ml was still effective, but overall, by the end 
of the 2 hour treatment with 1000 and 500 µg/ml there remained a high percentage of 
survival, especially with E. coli and EMRSA 16. 
 
No apparent differences were observed between the gram-positive and gram-negative 
species tested. 
 
When comparing CuO nanoparticles and Cu(NO3)2 treatments, in the case of S. 
epidermidis it would appear that the copper salt treatment was superior to the 
nanoparticles; conversely, in the case of P. aeruginosa PAoI nanoparticles were, 
apparently, more effective. However, the ANOVA analysis showed no significant 
differences between the two treatments. 
 
 
1.3.4.4. Titanium dioxide + UV light 
The same bacterial species evaluated for the silver and copper salts assays were used 
to assess the effect of nano TiO2 in the presence of UV light. These were treated with 
titanium dioxide nanoparticles suspended in PBS under a UV light (λ = 366 nm). The 
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nanoparticle concentrations tested were 2000, 1000 and 500 µg/ml. Controls were 
nanoparticle-free bacterial cultures in PBS, and these monitored any decrease in 
viability due to ultraviolet radiation alone. 
 
The following graphics (Fig. 1.50 to 1.53) exemplify the results obtained.  
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Fig. 1.50. Decrease of E. coli NCTC 9001 population with respect to time when treated with three 
different concentrations of TiO2 nanoparticles (2000, 1000, and 500 µg/ml) with PBS as the suspending 
medium and under the influence of UV light. Results are given as percentage of control (nanoparticle-
free PBS). Standard deviation bars are shown (n=3). 
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Fig. 1.51. Decrease of P. aeruginosa PAoI population with respect to time when treated with three 
different concentrations of TiO2 nanoparticles (2000, 1000, and 500 µg/ml) with PBS as the suspending 
medium and under the influence of UV light. Results are given as percentage of control (nanoparticle-
free PBS). Standard deviation bars are shown (n=3). 
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Fig. 1.52. Decrease of EMRSA 16 population with respect to time when treated with three different 
concentrations of TiO2 nanoparticles (2000, 1000, and 500 µg/ml) with PBS as the suspending medium 
and under the influence of UV light. Results are given as percentage of control (nanoparticle-free PBS). 
Standard deviation bars are shown (n=3). 
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Fig. 1.53. Decrease of S. epidermidis population with respect to time when treated with three different 
concentrations of TiO2 nanoparticles (2000, 1000, and 500 µg/ml) with PBS as the suspending medium 
and under the influence of UV light. Results are given as percentage of control (nanoparticle-free PBS). 
Standard deviation bars are shown (n=3). 
 
 
Under UV light illumination, the poor or lack of antimicrobial activity of TiO2 
nanoparticles was significantly enhanced, and this makes this metal nanoparticle an 
interesting antimicrobial agent. The effectiveness of the treatment was superior 
against the gram-positive species. S. epidermidis was rapidly killed in 60 minutes, and 
EMRSA 16 in 90 minutes, although for the latter the survival percentages were 
greatly diminished after only one hour. With regard to the gram-negative species, 
neither E. coli NCTC 9001 nor P. aeruginosa PAoI populations were completely 
eliminated after the two hour treatment period, although the survival percentages of 
both were indeed reduced to approximately 20% by the end of the treatment. TiO2 
nanoparticle-free controls exposed to UV light showed that the cell viability loss due 
to the short wave radiation was negligible for the four species tested. 
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The ANOVA analysis showed no significant differences between the three TiO2 
nanoparticle concentrations tested. However, in some cases, higher concentrations of 
nanoparticulate titanium dioxide appear to worsen the antimicrobial effect. An 
example of this can be clearly seen in the S. epidermidis results at the 30 minute time 
point. 
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1.4. Discussion 
 
Silver and copper oxide nanoparticles and their blends were demonstrated to be 
effective antibacterial agents. Zinc oxide, and also titanium dioxide in combination 
with ultraviolet light, also showed a notable potential. 
 
Of the two methods used to determine bacterial growth inhibition, one based upon 
optical density change and one based upon solid media, the first method was 
considered to be the most meaningful. Although ISA is, according to the supplier, an 
optimum agar to carry out antimicrobial susceptibility tests, there is no guarantee that 
it will behave optimally with nanoparticles, which may not distribute uniformly in the 
agar, and may become trapped and unavailable, rendering them unable to reach 
bacterial cells. Conversely, the determination in liquid media ensures an intimate 
contact between bacterial cells and nanoparticles, making the method more reliable. 
 
The setback of the experiment where the bacterial growth inhibition capacity of gold 
was investigated was clearly the format in which the nanoparticles were supplied. 
Ideally, the determination should be repeated with gold suspended in ISB instead of 
distilled water and PEG; unfortunately this was not feasible because of non 
availability of gold in the form of powder. 
 
Taken together, silver and copper oxide nanoparticles, and their combinations, were 
put forward for time-kill assays, as was titanium dioxide in the presence of ultraviolet 
light. 
 
 - 108 - 
The time-kill experiments confirmed nanosilver to be an excellent antimicrobial 
agent. Furthermore, the statistical analysis carried out on the assays results imply that 
even at the lowest nanosilver concentration tested, 50 µg/ml, an outstanding reduction 
in the survival percentage of the bacterial population can be achieved. A lower 
nanoparticle concentration implies any final cost to be diminished, and a minimization 
of potential cytotoxicity to mammalian cells. Another important point is that, in 
general, gram-negative species are more readily killed by the nanoparticle than the 
gram-positive, reinforcing the extended idea that the thicker cell wall of this second 
group of bacteria provides a defence mechanism against silver nanoparticles that the 
gram-negative lack. 
 
Although nanocupric oxide showed considerable antimicrobial activity, overall 
nanosilver was a superior antimicrobial agent, requiring less time and a lower 
concentration to achieve significant bacterial reductions. As with nanosilver, 
statistical analysis demonstrated the lowest nanocupric oxide concentration tested 
(500 µg/ml) to be effective, with the concomitant positive repercussions in terms of 
the minimization of final cost and cytotoxicity. In this case, differences between 
gram-negative and gram-positive bacterial species were not found with regard to 
nanocupric oxide antibacterial activity. 
 
Despite the evidence that silver nanoparticles are, in general, better antimicrobial 
agents than copper oxide, this is not always the case. A clear example comes with the 
antimicrobial performance against P. aeruginosa PAoI: at the three tested 
concentrations, silver nanoparticles necessitated 90 minutes to completely eliminate 
its population, whilst copper oxide achieved 100% killing in 60 minutes. Another 
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example is found in the work by Ruparelia et al. (2008): silver nanoparticles 
performed better with E. coli and S. aureus, however, B. subtilis showed a greater 
sensitivity to copper than to silver nanoparticles. No or little information is available 
on the antimicrobial mechanism of copper nanoparticles, although Ruparelia et al. 
(2008) speculate that it must be similar to that of silver, and that the greater sensitivity 
of B. subtilis to copper nanoparticles than to silver may be due to the abundance of 
amines and carboxyl groups on the cell surface of this species, for which copper has 
high affinity. 
 
With regard to silver/cupric oxide nanoparticle blends, their performance as 
antimicrobial agents has been demonstrated to be exceptional. In practically every test 
carried out the antimicrobial activity displayed surpasses that of both silver and cupric 
oxide nanoparticles alone. Once again, generally the gram-negative species have 
shown to be more sensitive to the nanoparticle blend than the gram-positive; 
nevertheless, the gram-positive species were also promptly affected by the 
nanoparticle blends. Furthermore, the concentration of each of the two nanoparticles 
in the blends was lower than that when tested alone which, again, involves a cost 
reduction and a decreased cytotoxicity risk. Given this outstanding performance, it is 
surprising that no publications have been found in the literature with regard to 
nanoparticle blended formulations. 
 
Although the accurate composition of the blend provided by our supplier has not been 
fully disclosed, the results it has yielded reinforce the idea of the great potential of 
nanoparticle blends: excellent antimicrobial activity, cost reduction, and minimization 
of cytotoxicity. 
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When the time-kill assays were done in FCS, no significant differences were found in 
comparison to the experiments conducted in PBS. Gram-negative species showed 
higher sensitivity when nanosilver was present, i.e., nanosilver alone and blends, 
whereas no differences were found between the two bacterial groups when challenged 
with nanocopper oxide. Also, when both silver and copper oxide nanoparticles were 
used alone, statistically the lowest nanoparticle concentration was as effective as the 
highest. For copper oxide nanoparticles, initially the results appeared to suggest 
differences between the assays carried out in PBS and in FCS. Nanocopper oxide 
seemed to be more effective as an antimicrobial when suspended in FCS in the case of 
E. coli NCTC 9001 and, conversely, in the case of P. aeruginosa PAoI, it appeared 
that its antimicrobial properties had been reduced.  Indeed, the p-value produced by 
the statistical analyses were close to significance in some cases (0.05 < p < 0.06), 
nevertheless, no significant differences were shown between the results obtained with 
copper oxide nanoparticles suspended in PBS and in FCS. 
 
These are important findings, as the fact that both nanosilver and nanocopper oxide 
retain their potent antimicrobial capacity in a nutrient-rich environment, proposes that 
this activity would not be hampered in a physiological environment. 
 
Differences in the antimicrobial performance of silver and copper nanoparticles and 
their salts were initially expected. However, statistical analysis showed otherwise. 
Kim et al. (2007) obtained similar antimicrobial capacity when comparing silver 
nanoparticles and silver nitrate; conversely, Lok et al. (2006) came to the conclusion 
that silver nanoparticles were significantly more efficient than silver ions, as the 
antimicrobial concentration of the latter was in the micromolar order, and in the case 
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of nanoparticles it was nanomolar. In the present work, the reason behind the lack of a 
significant difference between the treatment with nanoparticles and that with salts is 
likely to be the size of the nanoparticles used, which is 30-70 nm, while Lok et al. 
(2006) conducted their investigation utilizing silver nanoparticles of a size of 9.3 nm. 
One circumstance that is bound to have an influence on comparing nanoparticle and 
salts antimicrobial activity is the environment: the more salts, ion quenchers, or any 
substances capable of binding nanoparticles, the more interference with the 
antimicrobial agent and consequent decrease in antimicrobial activity. 
 
Titanium dioxide nanoparticles were shown to possess no or very poor antimicrobial 
properties in the initial screening tests. Minimum bacteriocidal concentrations for this 
nanoparticle were shown to be >5000 µg/ml for all the species tested. This is the 
reason why a time-kill test for nano TiO2 alone in the absence of UV light was not 
conducted. 
 
However, when UV illuminated, TiO2 nanoparticles were revealed as remarkably 
antimicrobial, being especially effective against gram-positive species; controls 
showed that the loss of cell viability due to UV alone was negligible. Microbial 
inactivation increased with TiO2 concentration, but not in a linear manner. Many 
authors report that 1 mg/ml TiO2 is the most effective concentration. While this 
concentration dependency would be initially coherent with lower concentrations, the 
reason why higher concentrations are less effective is essentially the turbidity of the 
suspension, which would cause light scattering and prevent light from reaching and 
photoactivating TiO2, with the consequent non-production of hydroxyl radicals (Cho 
et al. 2004, Salih 2002, Bekbölet and Araz 1996). Therefore, higher concentrations of 
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titanium dioxide nanoparticles do not only necessarily imply a greater antimicrobial 
effect, but also may be detrimental. In this work, although the ANOVA analysis 
showed no significant differences between the three TiO2 nanoparticle concentrations 
tested (2000, 1000 and 500 µg/ml), this tendency can be observed generally. 
 
The main issue in the TiO2 + UV system as a sterilizer is precisely the indispensable 
necessity of short wave radiation which, as toxic per se, may not be adequate in 
certain settings. 
 
The fact that gram-positive species show higher resistance to silver nanoparticles has 
already been documented. Although silver nanoparticles and silver ions are capable of 
entering bacterial cells, membranes are the first barrier with which interaction is 
established. Consequently, it is easy to hypothesize that the greater thickness of the 
cell wall in gram-positive bacteria constitutes a defense mechanism against silver 
nanoparticles (Feng et al. 2000, Kim et al. 2007). Nevertheless, statistical analysis did 
not show differences between gram-positive and gram-negative species when treated 
with copper oxide nanoparticles, indicating that the thicker cell wall of the first group 
does not have any effect on the antimicrobial capacity of this nanoparticle. 
 
Despite the low possibility of bacterial resistance developing to metal nanoparticles, if 
nanoparticulate metals are to be widely and routinely used as antimicrobial agents, 
this must be considered. In fact, wound dressings and urinary catheters impregnated 
with silver nanoparticles are already being used. In order to minimise this possibility, 
metal nanoparticles should be used only when necessary, and ensure a rapid killing of 
microorganisms. For example, Yamanaka et al. (2005) challenged E. coli with 0.9 
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µg/ml silver ion solutions, and although a significant rate of killing was documented, 
it required over 14 hours. This long length of time would only encourage resistance to 
develop. 
 
The antimicrobial capacity of nanoparticles is concentration-dependent: the higher the 
nanoparticle concentration, the higher the bacterial killing. Also, at least three 
publications (Sondi and Salopek-Sondi 2004, Pal et al. 2007, Nair et al. 2009) 
mention the fact that this is also dependent on the initial bacterial concentration. In 
addition, Sondi and Salopek-Sondi (2004) suggested that interaction of nanoparticles 
with intracellular substances from lysed cells caused their coagulation and the 
particles were removed as antimicrobial agents of the system. This 
nanoparticle/bacterium proportion dependency is to be totally expected. 
 
Shape and size of nanoparticles are important characteristics with regard to 
antimicrobial activity. Sondi and Salopek-Sondi (2004) conducted a growth inhibition 
assay on agar plates with E. coli and silver nanoparticles, similarly to the one 
performed in the present work, and found that silver nanoparticles at a concentration 
of 10 µg/ml were capable of inhibiting the growth of the bacterium by 70%, and 50-
60 µg/ml achieved complete inhibition. In the present work, the minimum necessary 
concentration to prevent E. coli growth was found to be 100 µg/ml. This difference is 
likely to be due to nanoparticle size: they used 12 nm silver nanoparticles, whilst in 
the present work the diameter of the nanoparticles used varied between 30 and 70 nm. 
A very similar situation is found in the work by Simon-Deckers et al. (2009): they 
found TiO2 (in the absence of UV light) and Al2O3 nanoparticles to be modestly toxic 
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to E. coli, whereas in the present work neither demonstrated any significant 
bacteriocidal activity. The reason behind this apparent disagreement is, again, likely 
to be the nanoparticle size: 11-12 nm versus 30-70 nm. Still another example is found 
in the work by Jones et al. (2008) regarding the antibacterial activity of ZnO: S. 
aureus was challenged with three different-sized ZnO nanoparticles, >1 µm, 50-70 
nm, and 8 nm, and reduced growth rates of 50% were observed with the first and 
second group, while for the third the growth rate reduction was 99%. Taken together, 
it is clear that the lower the size of nanoparticles, the greater the toxicity. With regard 
to shape, Pal et al. (2007) and Simon-Deckers et al. (2009) demonstrated that 
triangular-shaped nanoparticles are the most effective antimicrobials, followed in 
effectiveness by spherical and then elongated, rod-shaped nanoparticles. 
 
Nanoparticle agglomeration is another issue affecting nanoparticle antimicrobial 
performance. In an aggregated state, shape and size of nanoparticles are severely 
altered: agglomerates are markedly bigger than individual nanoparticles and the 
original shape is completely lost. Morones et al. (2005) observed that only individual 
silver nanoparticles, and not their agglomerates, interacted in a stable manner with 
four different gram-negative bacterial species. Simon-Deckers et al. (2009), who 
found TiO2 (in the absence of UV light) and Al2O3 nanoparticles to be modestly toxic 
to E. coli, ensured that the 11-12 nm nanoparticles were thoroughly mixed and in a 
non-agglomerated state at all times during their experiments. 
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One of the main pressing necessities in the use of nanoparticles as antimicrobials, if 
not the most, is the need for methodology standardisation. Method of synthesis, size, 
shape, nanoparticle/bacteria ratio, and also state of agglomeration of nanoparticles 
have all an effect on the antimicrobial performance and need to be taken into 
assessment when different antimicrobial data is found in different publications. Also, 
the medium in which the antimicrobial tests are carried out may have an impact on 
results, and may lead to contradictory conclusions. For example, Ruparelia et al. 
(2008) discuss a publication where a relatively low minimal inhibitory concentration 
for E. coli when exposed to silver was found, and related it to the fact that the 
nanoparticle-bacteria mixture was suspended in distilled water instead of nutrient 
medium. All these parameters are, currently, based on the researcher criteria and 
resources, and standardisation of the methodology would imply a major advance in 
the research area of nanoparticulate materials as antimicrobial agents. 
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Chapter 2 
Use of microscopy to evaluate the interaction 
between metal nanoparticles and bacteria 
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2.1. Introduction 
Direct visualization under the microscope constitutes an initial approach to observe 
the state or the effect of a treatment in a given sample. In the case of antimicrobial 
agents, microscopy is useful to elucidate the mechanism of action and the impact such 
agents cause to microorganisms. Nevertheless, since all microscopy techniques cover 
a small, limited part of the sample, additional tests are often necessary to ascertain and 
confirm any effects observed. 
 
Microscopy enables the characterization of shape, size distribution, and state of 
agglomeration of a nanoparticle system, and it is also useful to visualize the 
consequences of nanoparticle treatment on microorganisms. Most authors have used 
SEM (scanning electron microscopy), TEM (transmission electron microscopy), and 
less frequently HRTEM (high-resolution TEM) to these ends (Sun et al. 2005, 
Ruparelia et al. 2008, Brayner et al. 2006, Nair et al. 2009). AFM (atomic force 
microscopy) is another microscopical method suitable for precise three-dimensional 
mapping of the microbial cell surface and detection of very subtle changes (Ren et al. 
2009). Whereas, Choi et al. (2008) utilized ESEM (environmental scanning electron 
microscopy) to visualize microbial-nanoparticle interactions. 
 
Environmental scanning electron microscope (ESEM) provides a technology for 
imaging wet, soft and/or insulating (i.e., non-electrically conductive) samples, 
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including hydrated or dehydrated biological samples, with no or minimal 
manipulation and without the need for conductive coatings. 
 
ESEM differs from conventional SEM (scanning electron microscopy) in two crucial 
aspects (Stokes 2003, Donald 2003). Firstly, in ESEM there is no need for the 
chamber pressure to be kept under a high vacuum; secondly, insulating materials do 
not need to be coated with a metallic layer before imaging. A gaseous environment is 
maintained around the sample whilst imaging is carried out, giving a partial vacuum 
(up to 10 torr or 1333 Pa) as opposed to a high vacuum (10-6 torr or 10-3 Pa). Different 
types of gases can be used in ESEM: nitrous oxide, carbon dioxide, helium, argon, 
nitrogen and water vapour. The latter has been found to be the most efficient 
amplifying gas to date. In these conditions, hydrated samples, including those of 
biological origin, can be imaged in their native state without significant specimen 
preparation. A high vacuum is usually required to stop secondary electrons being 
scattered, which would lead to degradation of image quality. In ESEM, the total 
distance which electrons travel through the gaseous environment is kept to a 
minimum, so that most secondary electrons reach the detector and are not 
backscattered. This distance is in the order of a few millimetres. 
 
The incident electron beam collides with atoms within the sample and causes 
secondary electrons to be generated. These low-energy secondary electrons, while 
travelling to the positively charged detector, will collide with gas molecules which, as 
a result, have a high probability of becoming ionized and producing more secondary 
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electrons, and this leads to a cascade amplification. Such secondary electrons are the 
basis of the detection method, with which the detection signal is amplified before 
reaching the detector. The distance between the detector and the sample, a few 
millimetres, is critical for the amplifying effect: if it is too large, the electric field 
becomes too weak and electron scattering events cause degradation of the signal; if it 
is too small, secondary electrons do not gain enough energy to overcome the gas-
ionization threshold. As well as electrons, gas molecules produce positively charged 
ions, which will travel toward the sample to compensate the negative charge build-up. 
This is the reason why insulating samples do not need to be coated in order to make 
them electrically conductive. 
 
With gas pressure around the sample, in principle ESEM allows samples to remain 
hydrated. However, some degree of dehydration may still occur. Where possible, the 
inclusion of a drop of water on the sample near the area to be imaged aids the state of 
hydration to be maintained. The theory is that an optimum equilibrium between water 
evaporation and condensation should be reached in the microscope chamber. Fig. 2.1, 
from the publication by Donald A. (2003), shows the water evaporation/condensation 
equilibrium in relation to pressure and temperature. 
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Fig. 2.1 Saturated vapour pressure of water as a function of temperature. It can be seen that the state of 
the sample can be changed by small alterations in temperature. 
 
To maintain a saturated vapour in the chamber, the temperature is normally dropped 
and kept at just above freezing temperature, i.e. 3-6 oC, and then only a modest gas 
pressure is needed to stabilize water. At room temperature, the necessary chamber 
pressure would be too high and impractical. 
 
Scanning ion conductance microscope (SICM) technology is capable of delivering 
high-resolution topographic images. It was developed recently by scientists at 
Imperial College London and Cambridge University, UK. It produces images by 
sensing ion current and not through attraction or repulsion, and this involves no 
mechanical interaction with the sample surface during scanning. 
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No sample preparation is required; it simply must be placed in a petri dish and 
immersed in electrolyte liquid, commonly a physiological buffer. The scanning probe 
is a glass or quartz nanopipette filled with electrolyte, and is scanned across the 
sample surface, which is held in a fixed position. The scanning probe measures the 
ion current passing through its tip. This is monitored by reversible silver-silver 
chloride electrodes, one inside the pipette and one in the sample dish. The current 
decreases as the probe tip approaches the surface. The sample under the pipette is 
scanned, while the probe-sample distance is maintained by monitoring the ion current, 
meaning that the pipette tip never makes physical contact with the sample. Once set 
up, the system can continue to scan unattended for long periods, enabling dynamic 
processes such as live cell interactions to be followed over days (www.ionscope.com). 
 
Although the precise mechanisms by which metal nanoparticles exert their 
antimicrobial actions is beyond the scope of this project, the aim of this chapter was to 
observe directly (i.e., utilizing microscopy) phenomenon occurring when bacteria 
were exposed to such antimicrobial agents. Both ESEM and SICM microscopy were 
utilized. 
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2.2. Materials and Methods 
2.2.1. Environmental Scanning Electron Microscope (ESEM) 
E. coli NCTC 9001 and S. aureus Oxford were chosen to be imaged with ESEM. 
Nanoparticles of silver and cupric oxide were used, at concentrations of 100 and 1000 
µg/ml in PBS, respectively. 
 
A few colonies of each bacterium were used to inoculate an overnight culture (37 oC, 
200 rpm) in 10 ml TSB. On the following day, and without adjustment of the optical 
density, 50 µl of each culture were mixed with 150 µl of either each nanoparticle 
suspension or PBS for the controls. Mixtures were as follows:  
 
E. coli NCTC 9001 in PBS          S. aureus Oxford in PBS 
E. coli NCTC 9001 + 100 µg/ml Ag         S. aureus Oxford + 100 µg/ml Ag 
E. coli NCTC 9001 + 1000 µg/ml CuO        S. aureus Oxford + 1000 µg/ml CuO 
 
These were then incubated overnight (37 oC, 200 rpm). On the following day the 
eppendorf contents were washed three times with distilled water (5 minutes, 600 
rpm). This was performed to remove PBS crystals, which can be seen under the 
microscope and seriously impedes sample observation. Such bacteria-nanoparticles 
overnight incubations are carried out in a physiological buffer, for example PBS; 
distilled water may well damage bacterial cells and antimicrobial effects could not be 
attributed solely to the activity of nanoparticles. 10 µl of each sample was then plated 
on TSA and placed in the incubator overnight to ensure that the nanoparticle treated 
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bacterial populations had been killed. For imaging, 3 µl of the sample was placed on a 
cover slip. 
 
 
2.2.2. Scanning ion conductance microscope (SICM) 
E. coli NCTC 9001 was utilized for SICM. As for ESEM, the nanoparticles tested 
were silver and cupric oxide at concentrations of 100 and 1000 µg/ml, respectively. 
 
A few colonies of the bacterium were used to inoculate three overnight cultures (37 
oC, 200 rpm) in 10 ml of TSB. On the following day, and without adjustment of the 
optical density, the three cultures were centrifuged (5 minutes, 600 rpm) in order to 
pellet the bacterial cells, and the broth was aspirated and replaced with either 10 ml of 
PBS, 100 µg/ml of silver nanoparticles in PBS, or 1000 µg/ml of cupric oxide 
nanoparticles in PBS. The cultures were then vortexed to resuspend the bacterial 
pellet and incubated for a further overnight period (37 oC, 200 rpm). On the following 
day, 10 µl of each sample were plated on TSA and placed overnight in the incubator 
to ensure that both silver and cupric oxide nanoparticles had killed the bacterial 
populations. Then, after transferring the contents of the tubes onto a petri dish, the 
samples were visualized by SICM. 
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2.3. Results 
2.3.1. Environmental Scanning Electron Microscope (ESEM) 
As expected, confluent growth was found on the plates inoculated with the two 
nanoparticle-free cultures and, conversely, no growth occurred on the plates with the 
inoculum from the nanoparticle treated cultures. 
 
Figures 2.2 to 2.4 show E. coli NCTC 9001 images obtained using this microscopical 
method. Figures 2.5 to 2.7 correspond to the images obtained with S. aureus Oxford. 
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Figure 2.2 ESEM images of E. coli NCTC 9001 control (PBS only, absence of nanoparticles). 
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Figure 2.3 ESEM images of E. coli NCTC 9001 after a 24 hour treatment with 100 µg/ml of 
nanosilver. Clearer/brighter areas toward the cell edges can be observed (arrows). 
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Figure 2.4 ESEM images of E. coli NCTC 9001 after a 24 hour treatment with 1000 µg/ml of 
nanocupric oxide. Clearer/brighter areas toward the cell edges can be observed (arrows). 
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In spite of the bacterial cells appearing in clumps, the elongated morphological 
characteristic of bacilli can be observed in the E. coli NCTC 9001 control images 
(figure 2.2). This cellular shape is also observed in both the nanosilver and nanocupric 
oxide figures (2.3 and 2.4). In ESEM, metal nanoparticles appear brighter than 
biological material (due to the relatively high atomic number), and can be clearly 
observed in figures 2.3 and 2.4. In the nanosilver-treated bacteria images (figure 2.3), 
nanoparticles as such can not be distinguished clearly as deposits on cell membranes; 
in the images with the nanocupric oxide treatment (figure 2.4), nanoparticles can be 
observed randomly distributed on the membranes of intact cells and also adsorbed to 
cellular debris or lysed cells. Additionally, the nanoparticle-treated bacteria images, 
both with silver and cupric oxide, interestingly show clearer areas toward both edges 
of the cells (arrows, figures 2.3 and 2.4). 
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Figure 2.5 ESEM images of S. aureus Oxford controls (PBS only, absence of nanoparticles). 
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Figure 2.6 ESEM images of S. aureus Oxford after a 24 hour treatment with 100 µg/ml of nanosilver. 
Arrows indicate deposition of silver nanoparticles onto cell surface. 
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Figure 2.7 ESEM images of S. aureus Oxford after a 24 hour treatment with 1000 µg/ml of nanocupric 
oxide. Arrows indicate deposition of copper oxide nanoparticles onto cell surface and cellular debris. 
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The untreated S. aureus Oxford cells images (figure 2.5) demonstrate the spherical 
morphology typical of staphylococci, and this can also be observed in the nanoparticle 
treated images (figures 2.6 and 2.7). Silver and copper oxide nanoparticles can be 
clearly seen as being adsorbed arbitrarily onto bacterial membranes in figure 2.6 and 
figure 2.7, respectively (arrows). Clearer areas in the images of the treated cultures are 
possibly present on the surface of the cells, although they are much less obvious than 
in the E. coli NCTC 9001 case. A significant difference between the treatment with 
silver and copper oxide nanoparticles is shown; whereas cells treated with silver retain 
the original spherical morphology and overall integrity, cellular debris and lysed cells 
are observed when treated with nanocopper oxide (figure 2.7, B and C). 
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2.3.2. Scanning ion conductance microscope (SICM) 
Confluent growth was found on the plates inoculated with the nanoparticle-free 
culture, while no growth occurred on the plates with the inoculum from the two 
nanoparticle treated cultures. 
 
Figures 2.8 to 2.10 show the images corresponding to E. coli NCTC 9001 controls 
(absence of nanoparticles, PBS only), treated for 24h with 100 µg/ml nanosilver, and 
treated for 24 h with 1000 µg/ml nanocupric oxide, respectively. 
 
 
 
 
 - 134 - 
 
 
 
Figure 2.8. SICM images of E. coli NCTC 9001 controls (PBS only, absence of nanoparticles). 
A B
C
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Figure 2.9. SICM images of E. coli NCTC 9001 after a 24 hour treatment with 100 µg/ml of 
nanosilver. 
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Figure 2.10. SICM images of E. coli NCTC 9001 after a 24 hour treatment with 1000 µg/ml of 
nanocupric oxide. 
A B 
C 
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Overall, the images obtained with SICM do not provide clear differences between 
treated and untreated cells of E. coli NCTC 9001. The elongated natural shape of the 
bacterium can be observed in some cases only (figure 2.8 C), but in many others this 
is not clear (figure 2.9 A and 2.10 A). No significance can be given to the different 
shades of grey which appear in practically all images because these also can be 
observed in the controls. The bottom right area of the four images in figure 2.9 could 
be interpreted as a single cell in the process of dividing; however, this is not plausible 
because no growth occurred when this culture was plated on TSA, showing that the 
entire population had been killed by the silver nanoparticles. The cell morphology and 
integrity appears to be more conserved in the control images (figure 2.8), whereas in 
others, for example as shown in figure 2.10 C, these seem to be altered, which would 
reflect a greater disrupting effect of CuO nanoparticles compared to Ag. 
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2.4. Discussion 
In the ESEM images, the clearer/brighter areas towards the periphery of E. coli NCTC 
9001 cells when treated with the two nanoparticles is possibly in agreement with the 
work by Feng et al. (2000). Utilizing TEM, they described the formation of an 
electron-light region in E. coli and S. aureus upon treatment with silver ions. These 
regions appeared clearer in the TEM images, and it is where the bacterial cell had 
relocated and condensed its DNA as a mechanism of defence to protect it from the 
toxic effects of the silver ion. However, such electron-light areas appeared in the 
centre of the cell, and in the present work their occurrence is toward the edges of the 
cell. Another feature of the silver ion treated E. coli cells shown by the same authors 
was a large space between the cell wall and the cytoplasm, which also appeared 
clearer/brighter in the microscopy images. This could also be the case in the present 
images. Unfortunately, neither conjecture can be confirmed with the present images 
due to the level of resolution achieved with ESEM. The appearance of clearer areas 
by the edge of E. coli cells when treated with both nanosilver and nanocopper oxide 
would suggest, at least partly, a similar mechanism of bacteriocidal action of the two 
metal nanoparticles, as proposed by Ruparelia et al. (2008). In the case of S. aureus 
Oxford, such clearer areas are also suggested, although they are much less apparent. 
This is again in agreement with the work by Feng et al. (2000), who found S. aureus 
to be more resistant than E. coli to silver ions, and also with the general hypothesis 
that gram-positive bacteria are more resistant to metal nanoparticles than the gram-
negative. 
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A remarkable difference between the treatments with silver and copper oxide 
nanoparticles is that, for both of the evaluated bacterial species, the original 
morphology and integrity of the cells is retained when treated with nanosilver; 
conversely, treatment with copper oxide nanoparticles causes a significant part of the 
bacterial population to lose such integrity and appear lysed. It can be concluded that, 
as antimicrobials, copper oxide nanoparticles exert such effects in a more ‘aggressive 
manner’ than nanosilver, and suggests that the mechanism of action is more 
mechanical and less specific, as opposed to more specific chemical interactions in the 
case of nanosilver. 
 
In the ESEM images, to ensure that depositions observed onto cell surfaces are indeed 
silver or cupric oxide nanoparticles, the analytical technique EDS, or energy 
dispersive X-ray spectroscopy, could be used to characterize their elemental 
composition. 
 
With SICM, the scanning is carried out in cycles, where one cycle comprises the 
pipette going down towards the sample and then going back up. Every cycle scans a 
small part of the sample, and then moves onto the adjacent section. This concept is 
critical in SICM, and is the reason why the images obtained were less than 
satisfactory. The sample to be scanned should be immobile or attached to the vessel 
containing it, for example, as in the case of the majority of eukaryotic cell types in 
culture. In the present study, the sample may be partly in suspension. This could 
explain why the typical elongated morphology of E. coli could not be observed in 
some of the images obtained, as it is not unreasonable to consider that, at the moment 
of being scanned, the cells were in a vertical position or not flat and firmly adhered to 
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the petri dish. SICM is a promising and useful microscopy, provided that the sample 
to be imaged is immobilised. 
 
The two microscopy techniques utilized in this work cannot deliver the levels of 
resolution TEM or SEM are capable of. For example, with the images in this work it 
is impossible to confirm entry of nanoparticles into the bacterial cells and particles 
can only be observed on the surface. It is suggested as future work to use other types 
of microscopy which deliver higher levels of resolution, like TEM or AFM. However, 
the two techniques used here present interesting advantages and should not be 
disregarded. Before imaging, conventional SEM requires sample preparation, 
including drying, fixing, and coating. The advantage of both ESEM and SICM is 
clearly that the sample does not need processing to be visualized, and this removes the 
possibility of artefact formation during preparation. Donald (2003) discusses the 
potential of ESEM in the biological field: dehydration, coating, or fixing are lethal to 
living organisms, and the sample-processing step eliminated by this kind of 
microscopy implies that biological samples can be imaged without being killed. The 
electron beam dose clearly also plays a key role in the integrity of the organisms in 
the sample, meaning that the lowering of such dose increases the chances of survival. 
However, magnification is reduced as the electron dose is lowered, and the advantage 
of ESEM over light microscopy is less obvious. In a similar manner, samples to be 
visualized by SICM require no preparation, with the consequent benefits. In addition, 
the fact that the imaging is based upon ion current sensing implies that there is no 
direct interaction or interference with the sample, increasing therefore its survival to a 
maximum. 
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Chapter 3 
Studies on the antimicrobial activity of material-
nanocomposites 
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3.1. Introduction 
Metal nanoparticles are increasingly finding uses in a variety of applications, 
particularly as constituents of polymer nanocomposites, the majority of which related 
to their antimicrobial properties. Most publications over the last decade with reference 
to metal nanoparticles outline a number of potential uses that could be explored, even 
when the main topic of the publication is not directly related to such applications. 
These are both found in the biomedical field and outside this discipline, with 
examples in dentistry, catheter applications, wound dressings (especially burn 
wounds), disinfection and sterile maintenance of medical supplies, instruments and 
devices, biosensors, cancer therapy, markers for cells and biomolecules, catalysts, 
food industry, water and air treatment, fabrics, washing machines, dishwashers, 
fridges, toilet seats, sunscreen lotions, deodorants, and antifouling paints (Jung et al. 
2008, Dibrov et al. 2002, Rai et al. 2009, Pal et al. 2007, Kim et al. 2007, Sharma et 
al. 2009, Lok et al. 2006, Ruparelia et al. 2008, Elechiguerra et al. 2005, Yamanaka et 
al. 2005, Matsumura et al. 2003, Silver et al. 2006). 
 
Ren et al. (2009) highlight hospitals as an environment where the use of metal 
nanoparticles could be envisaged, and also transport, as the increase in air travel 
carries a consequent increase in the risk of infection spread. As regards implants, 
Furno et al. (2004) categorize these devices into two groups: category I, which are 
completely inserted within the body, and are at risk of infection mainly at  the time of 
implantation, and category II, which are partially implanted in the body and carry an 
infection risk throughout their use due to the permanent wound in the skin. Examples 
of category II implantable devices are central venous catheters and wound drains. 
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Microorganism adhesion is the first step to biomaterial infection, and preventing such 
initial adhesion by providing these biomaterials with antimicrobial activity would be 
invaluable (Furno et al. 2004, Monteiro et al. 2009). 
 
Furno et al. (2004) and Kumar and Münstedt (2005) have considered different 
methods with which nanoparticles can be combined with materials. One is direct 
coating, by the deposition of metallic antimicrobial nanoparticles; a second method, 
similar in concept to the first, is to use a solution of the antimicrobial agent to coat the 
material; the third method is markedly different, and consists of the incorporation of 
the antimicrobial nanoparticles within the material while this is in a ‘gel’ state and 
before it sets. The two first methods essentially coat the surface of the material, whilst 
with the third the material is impregnated, i.e., the antimicrobial agent is embedded 
throughout, both the surface and the material matrix. When coated, the durability of 
the antimicrobial activity of the material may be below acceptable levels due to early 
depletion or inactivation of the agent, while impregnation should confer longer-lasting 
antimicrobial properties due to the slow release of mainly ions generated from the 
nanoparticles (Monteiro et al. 2009). Also, all areas of the material would become 
protected, as opposed to limiting the protection to the surface which is coated, and this 
becomes an important advantage in certain cases, for example catheters, where both 
the inner and outer surfaces would become secured (Monteiro et al. 2009). When 
impregnated, however, consideration must be given to the embedded antimicrobial 
agent being able to reach the surface in a steady, prolonged manner and in a sufficient 
concentration to maintain the material free of microorganisms. 
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In an excellent published study, Kumar and Münstedt (2005) fabricated 
polyamide/silver composites using metallic silver powder, and studied the release rate 
of silver ions. Submerged in silver-free water, they found that, indeed, silver ions 
were released from the composites, and also that the concentration released increased 
with time. Interestingly, they observed that between days 4 and 6 the silver ion release 
was marginal, and then increased again. This observation was explained by the 
authors as follows: the initial increase of silver ion in the aqueous media, i.e., until 
day 4, was due to the silver powder deposited on the surface of the composite, which, 
after this time, became essentially exhausted. However, water had been penetrating 
the polyamide/silver composite as a result of the diffusion characteristics of the 
polyamide, causing the ‘plasticization’ of the material. Water then caused the 
oxidation of the metallic silver powder (Ag0  Ag++e−) with the concomitant 
production of silver ions, and these migrated to the surface of the material and finally 
were released, causing the reactivation of a steady increase of silver ion in the media 
after the sixth day. Also, a logical dose-response was observed: the higher the silver 
concentration with which the composites were impregnated, the higher the silver ion 
concentration in the aqueous media. Additionally, these authors proved the long-
lasting capacity of this composite to release silver ions after five months. 
Furthermore, proof of antimicrobial efficacy of the system against E. coli and S. 
aureus was shown. 
 
Furno et al. (2004) impregnated medical grade unfilled silicone sheet 0.45 mm thick 
discs with silver nanoparticles, and tested their antimicrobial properties against S. 
epidermidis. Four sets of discs were prepared: washed and unwashed for 1 hour in 
deionised water, and covered or not in a conditioning film by immersion in human 
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plasma. The antimicrobial tests were carried out both on agar plates and in liquid 
cultures. In both of these cases, the unwashed discs effectively killed S. epidermidis 
and showed a prolonged antimicrobial effect against this species; conversely, when 
washed, such effect was virtually abolished. The presence of the conditioning film did 
not have a major effect on the bacterial killing capacity. Release of silver ions from 
washed discs was also studied during a 5 day period, and it was found that, for the 
duration of the experiment, the release of silver ions into water samples was only 
marginal.  This is in agreement with the results of their antimicrobial tests, and also 
with the work by Kumar and Münstedt (2005), who undertook a similar study. 
 
In a review, Monteiro et al. (2009) also discuss the release of silver ions from 
materials and affirm that, for longer lasting effects, water molecules penetration into 
the polymer matrix is required for the oxidation of silver nanoparticles and 
consequent production of silver ions. In addition, these ions must then migrate to the 
surface where they are released into the media. This migration, together with the 
water diffusion rate, are dependent on the polymer properties. The authors also 
discuss the effects of the silver particle size on the rate of silver ion release and 
consequent antimicrobial activity. It is stated that a larger specific surface area of the 
particles improves the silver ion release, which explains the higher efficacy of 
nanocomposites over microcomposites. 
 
Copper has also been investigated as a component for composites (Airey and Verran 
2007, Noyce, Michels and Keevil 2006, Wilks, Michels and Keevil 2005). Stainless 
steel, both easily cleanable and aesthetically acceptable, is a material commonly 
found in hospital and healthcare environments. However, a number of publications 
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demonstrate that it possesses no antimicrobial properties whatsoever, and once 
contaminated, stainless steel surfaces can become a reservoir for microorganisms and 
a focus of infection. The advantages of replacing this material due to such facts is 
suggested. Noyce et al. (2006) evaluated the survival of one strain of MRSA and two 
strains of EMRSA (EMRSA-1 and EMRSA-16) on pure copper surfaces, brass (80% 
copper and 20% zinc), and stainless steel. As expected, bacterial survival was 
virtually 100% on stainless steel surfaces. Conversely, the efficacy over a short time 
period of the copper surfaces at killing these microorganisms was demonstrated. Brass 
was also effective but to a lesser extent, which led the authors to suggest that copper 
alloys containing at least 80% copper should be used. The authors also conducted 
these experiments at 4 oC and, not surprisingly, the antimicrobial capacity of the 
copper and brass surfaces remained practically the same but required longer times, 
which is logical as low temperatures slow down cellular metabolism. This makes 
copper surfaces also suitable in situations where refrigeration is required, like the food 
industry. 
 
Wilks et al. (2005) conducted similar experiments on E. coli O157:H7, a 
verocytotoxigenic strain (VTEC), resilient and able to survive on a variety of surfaces 
and environmental stresses. Its survival was evaluated at 22 and 4 oC on stainless steel 
(74% iron, 18% chromium, and 8% nickel) and a collection of copper alloys 
containing a percentage of copper between 100 and 55. The results clearly indicated 
that the bacterium survival decreased as the copper content increased. The killing 
times were extended when the experiments were conducted at 4 oC. The study on 
stainless steel was extended to 28 days at both temperatures, and at the end of this 
period viable bacterial cells could still be detected. 
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Despite its remarkable antimicrobial properties, pure copper is an inadequate material 
for surfaces as it has a poor corrosion  resistance, is not particularly durable, and 
tarnishes easily. More durable alloys containing a high percentage of copper and still 
retaining an acceptable antimicrobial activity are more suited to a range of 
applications (Airey and Verran 2007, Wilks et al. 2005). Airey and Verran (2007) also 
raised their concern about copper suitability as a surface material. Over a period of 
five days, stainless steel and copper surfaces were contaminated with S. aureus and 
then cleaned with either 1% hypochlorite or 70% industrial methylated spirit, which 
are relatively low-cost disinfectants commonly used in hospitals. The 
infection/cleaning process was carried out every day, and then bacterial survival 
analyzed. It was found that, from day 2, there was an increasing amount of viable 
bacterial cells on the copper surfaces. It was concluded that both cleaning products 
reacted with copper and caused its inactivation, while the stainless steel surfaces 
performed equally throughout the test. 
 
Polyurethanes are a diverse class of polymeric materials which have applications as 
biomaterials in both medicine and dentistry, including catheters, tissue engineering 
constructs, dental dams, denture liners, and dental adhesive systems. They also have 
uses as constituents of polymer nanocomposites with antimicrobial applications, 
where they are used as the matrix within which antimicrobial agents are impregnated 
(Ahmad et al. 2010, unpublished observations, Lee 2009). 
 
Electrospinning is a technique that generates fibrous structures using electrostatic 
forces. It has found applications in several areas, such as filters, reinforced 
composites, sensors, protective clothing, drug delivery, tissue engineering, and 
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implantable devices. The benefit of this method is the ability to utilise processing 
needles to generate a high volume of spun fibres, which can be spun directly onto a 
device or any substrate (Ahmad et al. 2010, unpublished observations). Another 
advantage of electrospinning is that polymer fibres can be spun simultaneously with a 
functional agent, endowing them with additional properties. Examples of this are 
nanofibrous mats which have been made antimicrobial by immobilization of different 
compounds, for example 8-hydroxyquinoline derivatives, cefazolin, heparin, or silver 
nanoparticles; also there exists the alternative of electrospinning polymers which 
possess intrinsic antimicrobial activity, for example quaternized chitosan or 
sulfonated polyvinyl phenol (Ignatova et al. 2008). Another example is the 
electrospinning of polyurethane with antimicrobial nanoparticles. Ahmad et al. (2010, 
unpublished observations) electrospun a blend of polyurethane and cupric oxide 
nanoparticles (0, 1, 5 and 10% w/w) on microscope slides and found it to be markedly 
antimicrobial against S. aureus. In a similar experiment, Lee S. (2009) tested 
polyurethane-zinc oxide 5% w/w nanocomposite fibres electrospun on cotton for 
antimicrobial activity, and also found that such activity was excellent against S. 
aureus and K. pneumoniae. In this same study, it was also found that such coating 
provided protection against ultraviolet radiation by a factor greater than 50. Fibres 
obtained by electrospinning provide large surface areas for functionalization, and are 
also lightweight, ultrathin, and mechanically flexible, implying that weight and 
thickness of materials coated with these fibres will be virtually unaffected (Lee S. 
2009). 
 
The controlling parameters of this technique are the applied voltage and flow rate, 
both of which have a direct impact on the size (a few micrometres down to the 
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nanometer scale) and structure of individual fibres. The deposition time is a 
controlling parameter on the film thickness and porosity, which are important 
variables where there is a need for biomaterial interaction at the host site, for example 
in the case of biosensors. Ignatova et al. (2008) also proved the antimicrobial 
usefulness of this technique by electrospinning nanofibrous mats of PVP (polyvinyl 
pyrrolidone) and PEO (polyethylene oxide)/PVP containing complex-bound iodine. 
With the two polymers acting as the material matrix and iodine as the antimicrobial 
agent, they observed the antibacterial and antimycotic activity these mats possessed 
by demonstrating an excellent and fast effectiveness at killing E. coli, S. aureus, and 
C. albicans. 
 
Catheterization is essential in the treatment of critically ill patients, especially cancer 
patients and those in intensive care units. They are used to administrate antibiotics, 
blood products, chemotherapeutic agents, and other medications. However, catheters 
carry an implicit risk of infection as pathogenic microorganisms have the ability to 
colonize their surfaces, form biofilms, and are presented with a direct route into the 
body. It is well recognized that catheterization is associated with nosocomial 
infections and significant mortality (Hanna et al. 2006, Raad et al. 2008). The 
manufacture of antimicrobial catheters is a novel technology that aims to reduce 
catheter-associated infections, and guidelines have suggested their use in adults when 
these have to remain in place for longer than five days. Nowadays such antimicrobial 
catheters are commercially available. Hanna et al. (2006) and Raad et al. (2008) 
investigated the capacity of central venous catheters (CVC) to avoid bacterial 
adhesion utilizing a number of pathogenic microorganisms commonly involved in 
catheter-associated infections, like VRSA (vancomycin-resistant S. aureus), P. 
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aeruginosa, and Candida albicans. Catheters impregnated with minocycline and 
rifampicin, with clorhexidine and silver sulfadiazine, and with silver, platinum and 
carbon black were tested. In both publications, the performance of these three types of 
impregnated catheters at preventing bacterial adhesion and improving durability was 
better than that of the control, plain polyurethane catheters. 
 
Similarly, antimicrobial properties of urinary catheters combined with silver have 
been tested. Urinary catheterization carries an implicit risk of bacteriuria of 
approximately 5% per day of use, and is stromgly associated with nosocomial 
infections. As a consequence, hospital cost rise, patients stay longer, morbidity 
increases, and a reservoir of drug-resistant organisms develops (Rupp et al. 2004, 
Johnson, Kuskowski and Wilt 2006). Rupp et al. (2004) conducted a 2-year study 
utilizing silver alloy/hydrogel-coated urinary catheters, and observed a significant 
decline in the urinary tract infection rate. In this publication the cost-effectiveness of 
the introduction of these catheters was analyzed, and a positive cost-benefit was 
found. Also, no silver resistant microorganisms were recovered, supporting the 
hypothesis that bacterial resistance development to metals is low. However, Johnson 
et al. (2006) reviewed 11 reports on urinary silver alloy-coated catheters, and altough 
they concluded that overall these conferred an advantage over control catheters by 
preventing or delaying the onset of catheter-associated bacteriuria, the design of the 
trials was criticised, and they estimated the length of patient hospitalization and costs 
attributable to catheter associated bacteriuria to vary greatly and not being significant 
in all cases. 
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In burn cases, re-epithelialization and healing are rapidly sought in order to prevent 
infection. Infection is a major clinical problem found in cases of burns, open wounds, 
and chronic ulcers, and may result in sepsis, a major cause of morbidity and mortality 
in these patients. Bioburden/bacterial burden can be defined as the added metabolic 
load imposed by an infection in a wound bed: this comprises bacterial competition 
with host cells for oxygen and nutrients, toxin effects, and inflamation and production 
of reactive oxygen species by immunitary cells (Atiyeh et al. 2007). These factors 
significantly disrupt and delay the healing process. 
 
The increased development of bacterial resistance to antibiotics has caused the re-
emergence of the interest in silver to treat such cases. Nowadays, there exists silver-
containing ointments and dressings which are commercially available and routinely 
used, especially in burn units. Examples of ointments are Flamazine (10 mg/ml silver 
sulfadiazine) and Silvazine (10 mg/ml silver sulfadiazine plus 2 mg/ml clorhexidine 
digluconate). Acticoat, Actisorb, Silvasorb, and Silverlon are examples of dressings 
currently available (Silver et al. 2006, Atiyeh et al. 2007). In ointments, silver is in the 
form of silver sulfadiazine, whereas dressings are impregnated with nanosilver. The 
newly developed products rely on a steady, prolonged release of silver ions and in a 
sufficient concentration to exert an effective antimicrobial effect. This should allow 
the dressing changing frequency to be lowered, therefore diminishing patient 
discomfort, risk of nosocomial infection, and further tissue damage. In addition, these 
latest products are impregnated with the antimicrobial agent, rather than being based 
upon the effects of a separate salt, compound or solution. 
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The use of silver as a prophylactic agent in the treatment of burns is clearly beneficial 
since its antimicrobial properties reduce or eliminate the bacterial burden the healing 
process has to overcome. Nevertheless, cytotoxicity to host cells and re-
epithelialization and overall healing process delay have been reported to be a severe 
side effect. The greater sensitivity to silver of prokaryotic cells with respect to 
eukaryotic cells does not necessarily allow selective killing with silver. Also, although 
bacterial silver resistance is rare, it is not unknown, and the use of these products is a 
factor that would contribute to resistance development. The aim of future developed 
dressings must focus on maximisation of the antimicrobial activity with the least 
possible impact on host cells (Atiyeh et al. 2007, Silver et al. 2006). 
 
Hydroxyapatite (HA) is a naturally occurring mineral form of calcium apatite with the 
formula Ca10(PO4)6(OH)2. Its structure is similar to that of the major mineral 
constituent of human hard bone, making it highly biocompatible, and therefore used 
as an implant biomaterial. Also, the cation exchange rate of hydroxyapatite, including 
Pb2+, Cd2+, Ag+, Cu2+ and Zn+, is very high (Kim et al. 1998, Feng et al. 2000). Kim et 
al. (1998) prepared Ag+, Cu2+ and Zn+ ion-substituted HA utilizing the corresponding 
nitrate salt and studied the antimicrobial properties utilizing E. coli. Bacteriostatic and 
bacteriocidal properties (optical density changes and viable count on agar plates, 
respectively) of the material were analyzed. It was demonstrated that the Ag+-
substituted samples were clearly antimicrobial, both bacteriostatic and bacteriocidal, 
whilst the samples where Cu2+ and Zn+ were used lacked any significant antimicrobial 
effect. 
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Materials including textiles, wood, and some plastics which cannot endure high 
temperatures for sterilization, are particularly benefited by the antimicrobial 
properties conferred by nanoparticle impregnation. Also, materials which have been 
given antifouling properties by antimicrobial nanoparticles, either by impregnation or 
by being painted with antifouling paints, can be of particular use (Weir et al. 2008). A 
typical example of antifouling paints is found on ships, where prevention of biofilm 
formation implies a minor fuel comsumption (as friction is minimized), improved 
aesthetics, and reduction of the costs incurred for cleaning. 
 
The aim  of this chapter was to analyze the antimicrobial activity of metal 
nanoparticles when mixed with a number of materials/polymers. Silver and copper 
oxide nanoparticles were chosen for their proven antimicrobial properties, and 
combined with epoxy resin and polyurethane. The resistance to bacterial colonization 
and overall antimicrobial capability of the resulting nanomaterial composites was 
assessed. These may have applications in the biomedical field, food industry, and 
other fields. 
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3.2. Materials and Methods 
3.2.1. Epoxy resin 
A polymer may be defined as a large molecule built up by repetition of small, simple 
chemical units called monomers. Polymers are formed through the process of 
polymerisation, where monomers react chemically to form long chains. 
Thermosetting plastics are linear polymers which, above certain temperatures, can 
overcome intermolecular attractions among chains and slide past each other under 
shear forces. This gives these materials the capacity to flow, i.e., they are essentially 
plastic. Below such temperatures, to all intents, they are a solid. Also, under the 
influence of heat or catalysts, these molecules can join together and some cross-
linking occurs, forming tridimensional structures. 
 
Epoxy or epoxide resins, are thermosetting plastics. They are characterized by the 
possession of more than one epoxy group (Figure 3.1) per molecule. This is a highly 
reactive group that allows chain extension and/or cross-linking to occur without the 
elimination of small molecules such as water. Different types of hardeners exist, 
which basically promote curing and cross-linking within the resin. 
 
 
Fig. 3.1. The epoxy group. 
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3.2.1.1. Epoxy resin preparation 
The following variants of epoxy resin were prepared: 
 
• Nanoparticle-free 
• Resin-nanocomposite with 1% w/w Ag nanoparticles 
• Resin-nanocomposite with 0.5% w/w Ag nanoparticles 
• Resin-nanocomposite with 1% w/w CuO nanoparticles 
• Resin-nanocomposite with 0.5% w/w CuO nanoparticles 
 
The epoxy resin and hardener used were: 
• Epoxy resin: Araldyte LY 1564 SP. This is a Bisphenol A Epoxy resin, the 
most common type. They are reaction products of the molecules bis-phenol A 
and epichlorohydrin (Figure 3.2). 
• Hardener: Aradur 3486 UN 2735 (Polyoxyalkylene amine and isophorone 
diamine). 
 
Fig. 3.2. Bis-phenol A (A) and epichlorohydrin (B) chemical structure. 
 
Initially, both epoxy resin and hardener were viscous liquids. 
 
A B 
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The ratio of epoxy resin to hardener was 3:1, which corresponded to 100 g epoxy 
resin + 33 g hardener. For 1% resins, 1.33 g of nanoparticles was added; for 0.5% 
resins, the nanoparticle weight to be mixed was 0.665 g. 
 
In a heat resistant container, the corresponding weight of nanoparticles was added to 
100 g of epoxy resin and transferred to sonication for dispersion utilizing a Sonics, 
Vibracell machine. The sonicator probe had been previously cleaned and wiped with 
acetone. The sonication was carried out for 5 minutes, with 5 second pulses and 5 
second breaks. 
 
The hardener acts as a catalyst. It promotes crosslinking within the resin, and its 
manipulation must always be carried out in the fume hood. 33 g of hardener were then 
added to the sonicated epoxy resin/nanoparticle suspension, and mixed mechanically 
in the fume hood for 10 minutes. It was then placed into the oven at 80 oC overnight 
(or no less than 8 hours) for the curing (hardening) to occur. At room temperature the 
blend would still harden; however, the high temperature promotes chemical reactions 
(crosslinking), and otherwise, the number of crosslinks would be lower and the 
mechanical properties of the epoxy resin would be considerably worse. 80 oC acts 
effectively as a catalyst for crosslinking. 
 
On the following day, and utilizing a mechanical saw, pieces of 4 x 1.5 x 0.3 cm size 
were cut (Figure 3.3).  
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Fig. 3.3. Image of the epoxy resin sections utilized in the antimicrobial experiments. 1) Nanoparticle-
free, 2) 1% nanoAg, 3) 0.5% nanoAg, 4) 1% nanoCuO, and 5) 0.5% nanoCuO. 
 
3.2.1.2. Contact killing and release killing 
These experiments aimed to investigate the antimicrobial potential of epoxy resin into 
which silver and copper oxide nanoparticles had been impregnated. Both contact 
killing and release killing were evaluated: contact killing refers to the antimicrobial 
effects when bacteria are in intimate contact with the material; release killing refers to 
a liquid environment where ions from the nanoparticles incorporated into the 
materials may be released into the surrounding media and exert antimicrobial effects. 
Utilizing the release killing approach, the length of time the different epoxy resin 
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variants retained the potential to kill bacteria was investigated. Also, it was 
ascertained whether the presence of epoxy resin caused any pH changes, which could 
have an impact on bacterial survival. 
 
Four gram-positive and three gram-negative bacterial species were tested: 
 
• Staphylococcus aureus Oxford 
• Epidemic meticillin-resistant Staphylococcus aureus 15 (EMRSA 15) 
• Epidemic meticillin-resistant Staphylococcus aureus 16 (EMRSA 16) 
• Staphylococcus epidermidis 
• Escherichia coli NCTC 9001 
• Pseudomonas aeruginosa PAoI 
• Proteus mirabilis 
 
3.2.1.2.1. Contact killing 
The 7 bacterial species/strains were exposed to the 5 different epoxy variants, i.e., 
seven sections of each epoxy variant were utilized, bringing the total to 35 sections. 
 
It was imperative that the epoxy resin sections were sterile prior to starting the tests. 
To ensure sterility, total submersion of the materials in ethanol 70% was conducted, 
followed by drying in air. 
 
 - 159 - 
Bacterial cultures were grown overnight and the optical density adjusted (0.1 at λ = 
540 nm). 20 µl of each were then used to inoculate the sections of each epoxy resin 
variant. The materials were then placed in petri dishes and covered. All the sections 
were left at 37 oC for 20 hours. On the following day, each section was placed into a 
universal tube (20 ml capacity) containing 10 ml of TSB, and left overnight in the 
shaker incubator (200 rpm, 37 oC). An extra universal tube was used to ensure the 
TSB sterility, and was filled with 10 ml of TSB only. After incubation growth 
occurrence was assessed, whereby turbidity was indicative of growth and clarity was 
indicative of no growth. 
 
It was important to consider the possibility of ‘slow growth’ occurring which was not 
evident to the naked eye. Hence, 5 µl of every universal tube showing no evident 
growth was inoculated onto a TSA agar plate (MacConkey agar for P. mirabilis) and 
placed in the incubator. 
 
3.2.1.2.2. Release killing, durability of activity, and pH effects of 
polymer-nanocomposite 
Antimicrobial activity of the five different epoxy resin variants in a liquid 
environment was evaluated. The durability, or length of time, that such antimicrobial 
activity was retained was also examined. Potential pH changes caused in the liquid 
environment due to the presence of the epoxy resins were also evaluated. 
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The media in which these experiments were conducted was TSB. TSB is a buffered 
growth medium, with which pH changes were not expected; however, it must be 
ascertained whether or not pH changes occur as a result of the presence of the epoxy 
resin sections. 
 
Firstly the pH of fresh TSB was measured (per triplicate) utilizing a Corning, pH 
meter 240. Then, one sample of each of the five types of epoxy resin (nanoparticle-
free, Ag 1%, Ag 0.5%, CuO 1%, and CuO 0.5%) was placed in a universal tube with 
10 ml of TSB. All this was performed in triplicate. These were then left in the shaker 
incubator (200 rpm, 37 oC) for 20 days (which was the duration of the release-killing 
experiment). Finally, the pH was measured in each tube. 
 
The 7 species/strains were exposed to the 5 different epoxy variants. 35 universal 
tubes (20 ml capacity) were required (7 strains x 5 epoxy resin variants). 
 
As in the contact killing experiments, sterility of the epoxy resin sections was ensured 
by dipping them in ethanol 70% and then left to air dry. 
 
Each of the 35 universal tubes contained the following: 
- 10 ml TSB 
- One section of an epoxy resin variant 
- 20 µl of freshly grown bacterial culture, the O.D. of which had been adjusted 
to 0.1 at λ = 540 nm. 
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An extra universal tube was used to ensure TSB sterility, and was filled with 10 ml of 
TSB only. 
 
All universal tubes were placed in the shaker incubator (37 oC, 200 rpm). On the 
following day, growth was assessed for each species/strain and epoxy resin section 
used. If it had not occurred, a fresh 20 µl inoculum of a freshly grown culture O.D.-
adjusted was added to the tube and incubation continued. This was repeated every day 
until growth finally occurred, and the number of days the epoxy resin variant had 
prevented the growth of the given bacterial species/strain was recorded. 
 
As in the contact killing experiment, occurrence of ‘slow growth’ was checked. In this 
case, every day and before re-inoculation, 5 µl from the tubes where growth appeared 
not to have occurred was inoculated onto TSA agar plates (MacConkey agar for P. 
mirabilis) and incubated. 
 
3.2.1.2.3. Inductively coupled plasma optical emission spectrometry 
(ICP-OES) 
This experiment was performed to elucidate the amount of silver and copper ions that 
may be released from the epoxy resin sections (nanoparticle-free, nanoAg 1%, 
nanoAg 0.5%, nanoCuO 1%, and nanoCuO 0.5%). An ICP-OES analysis was 
conducted utilizing a Varian Vista-PRO ICP-OES (with the assistance of Dr. Laura 
Shotbolt, Department of Geography, Mile End Campus, Barts and the London 
University). 
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Briefly, the ICP-OES, or inductively coupled plasma optical emission spectrometry, is 
a technique which allows the simultaneous measurement of virtually all metals and 
some non-metals present in one single sample, and is practically free of chemical 
interference (Ducros et al. 1996, Vähäoja et al. 2005). It has been applied to detect 
metals in biological fluids such as serum or urine and also in other biological tissues 
(Ducros et al. 1996). 
 
A section of each epoxy resin type was placed in 10 ml of TSB per triplicate in 
universal tubes. All samples, 15 tubes in total, were placed in the shaker (200 rpm, 37 
oC) for 20 days, which is the equivalent length of time for the release-killing 
experiment. Each day, 100 µl of each tube was transferred into different 0.5 ml 
eppendorffs and stored at room temperature. 
 
At the time of analysis, some ions in the samples may have adhered to the walls of the 
eppendorf tube in the form of metallic silver (Ag0). Hence, 100 µl of nitric acid 
(HNO3) was added to each sample prior to analysis. This should cause any adhered 
ions to detach and be retained in solution, where they can be detected by the 
technique. 
 
Also, the ICP-OES analysis requires samples of a minimum volume of 5 ml. 
Therefore, after the addition of nitric acid, 4.8 ml of deionized water was added to the 
sample. A dilution factor, therefore, was to be considered when calculating the silver 
and copper ion concentrations. 
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For the analysis, calibration of the instrument was performed utilizing solutions 
containing 0 to 1 µg/ml of silver ion and 0 to 2 µg/ml of copper ion. Recalibration 
was performed every 60 samples. Samples containing a known concentration of silver 
and copper ions were run every 10 samples to check for ‘drifting’ of the machine. If 
‘drifting’ was above 10%, recalibration was conducted and samples reanalyzed. The 
limits of detection were: 0.185 ng/ml for copper, and 1.174 ng/ml for silver. 
 
 
3.2.2. Polyurethane-nanoCuO coating 
Electrospinning is a technique which can be used to generate porous and dense 
fibrous films. In this work it was used to generate a coating comprised of 
polyurethane fibres with different concentrations of cupric oxide nanoparticles with 
which microscope slides were coated, and the antimicrobial activity was evaluated. 
 
3.2.2.1. Polyurethane-nanoCuO coated microscope slides preparation 
The samples were prepared by Dr. Zeeshan Ahmad, University College London 
(UCL). Solvents dimethyl formamide (DMF, 99%) and Tetrahydrofuran (THF, 99%) 
were mixed at a ratio 30:70. An initial stock polymer solution was prepared by 
dissolving polyurethane in such solution at a concentration of 10% w/v. It was then 
sealed and stirred mechanically for 5 hours at room temperature. After this period, 
four separate solutions were prepared and cupric oxide nanoparticles added to provide 
final concentrations of 0, 1, 5, and 10% w/w. Mechanical stirring for 30 minutes at 
room temperature followed, and then suspensions were used in the electrospinning 
process. 
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The solutions were electrospun on microscope slides. The process is depicted in 
figure 3.4. Flow-rate of the polyurethane-nanoCuO solution into the processing 
needle, applied voltage, and deposition distance (distance between the needle orifice 
and the surface to be coated) are key factors in this technique. After preliminary 
testing (flow rate 10-30 µl/min, applied voltage 0-30 kV, collecting distance 20-150 
mm), such factors were optimized to 20 µl/min, 10-13 kV, and 150 mm, respectively. 
The collecting distance is important as it permits additional time for remaining solvent 
to evaporate. Individual polyurethane-CuO nanoparticle solutions were infused into 
the processing, conducting needle (inner diameter of 330 µm) via silicon tubing 
utilizing a precision Harvard pump at 20 µl/min. An electrical field of 10-13 kV was 
then generated using a Glassman High voltage power supply. Samples were collected 
onto microscope slides situated directly at 150 mm below the needle orifice. 
 
 
 
 
 
 
 
Fig. 3.4. Diagram of the electrospinning process. Polyurethane-CuO nanoparticle solutions were 
electrospun on microscope slides. 
 
 
 - 165 - 
Samples utilized for antimicrobial activity were washed with ethanol 90% and left to 
air dry. This was done to sterilise and remove any impurities or microscopic solvent 
residues. The coatings did not show any degradation from ethanol washing. 
 
The width of the electrospun fibres obtained at the selected generating parameters was 
in the range of 1 to 3 µm, where CuO nanoparticles can be easily accommodated. 
Low and high magnification SEM micrographs (figure 3.5) also suggest that the fibres 
have a smooth surface. CuO nanoparticles were efficiently dispersed within the 
polymeric matrix, and appeared as white dots scattered throughout the fibres. The 
CuO nanoparticles percentage increase was reflected in the micrographs (higher 
number of white dots), and also the high magnification micrographs revealed that on 
occasions the nanoparticles had agglomerated. 
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Fig. 3.5. SEM micrographs of various electrospun compositions. Low (a1-a4) and high magnification 
(b1-b4) micrographs are shown. Smoothness of the fibres can be observed, as well as CuO 
nanoparticles, with the corresponding increase as the percentage of the nanoparticle is augmented.  
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3.2.2.2. Time-kill assays 
Utilizing the electrospinning process, CuO nanoparticles were incorporated into a 
matrix of the polymer polyurethane at different concentrations. This was then used to 
coat microscope slides. Polymer (polyurethane) free microscope slides served as a 
control. The following slides were prepared utilizing the electrospinning process: 
 
1. Pure polyurethane fibres  
2. 1% w/w nanoCuO-polyurethane 
3. 5% w/w nanoCuO-polyurethane 
4. 10% w/w nanoCuO-polyurethane 
5. Blank slides (polyurethane free)  
 
Time-kill assays were carried out with EMRSA 16. 
 
The S. aureus strain was grown overnight in Tryptone Soya Broth (TSB). The optical 
density of the culture was then adjusted to 0.1 at λ = 540 nm with PBS. This provides 
an approximate bacterial concentration of 108 colony forming units per ml (Chapter 1, 
Section 1.3.1. Initial bacterial concentration establishment). 
 
50 ml Corning tubes were used in this time-kill experiment. One 50 ml Corning tube 
per slide, plus one control tube (PBS alone, no slide) were used. Each was filled with 
45 ml of PBS + 550 µl of the bacterial culture (this was equivalent to the ratio 800 µl 
PBS + 10 µl bacterial culture used in the time-kill experiments in Chapter 1) and the 
corresponding microscope slide. These were then placed into a shaker incubator at 
200 rpm, 37 oC. 20 µl of each tube was taken at 0 (control only), 1, 2, 3, and 4 hours, 
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and serial dilutions were made with PBS. The -1, -2, -3, and -4 dilutions were plated 
on Tryptone Soya Agar (TSA) and incubated overnight at 37 oC for 20 hours. After 
this period, colonies were counted. The experiment was performed in triplicate with 
different starting EMRSA 16 cultures and a different set of unused slides on each 
occasion. 
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3.3. Results 
3.3.1. Epoxy resin 
3.3.1.1. Contact killing 
Table 3.1 shows the results of the contact killing experiment. ‘P’, standing for 
‘Positive’, represents the occurrence of growth; ‘N’, standing for ‘Negative’, indicates 
the absence of growth. The experiment was repeated three times using different 
bacterial cultures of each strain and new sections of the epoxy resin nanocomposites 
on each occasion, and the results produced by the three replicates were identical. 
 
 
Nanoparticle 
free Ag 1% Ag 0.5% CuO 1% CuO 0.5% 
S. aureus Oxford P N N N N 
EMRSA 15 P N N N P 
EMRSA 16 P N N N N 
S. epidermidis P N P N P 
E. coli NCTC 9001 P N N N N 
P. aeruginosa PAoI P N P N P 
P. mirabilis P P P P P 
Table 3.1. Contact killing capacity of the five different epoxy variants tested against seven bacterial 
strains/species. 
Agar plates (TSA and MacConkey for P. mirabilis) utilized to check for possible 
‘slow growth’ revealed that none occurred throughout the experiment. 
Samples of the epoxy resin with no nanoparticles incorporated did not cause any 
bacterial death with any of the tested microorganisms. When silver nanoparticles were 
incorporated at 1%, all species/strains were killed overnight with the exception of P. 
mirabilis. With the decrease of the nanosilver concentration to 0.5%, killing of three 
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gram-positive species was still observed (S. aureus Oxford, EMRSA 15 and EMRSA 
16), but S. epidermidis was capable of growth and survival. With the gram-negative, 
the bacteriocidal effect remained at the lower silver concentration in the case of E. 
coli NCTC 9001, while P. aeruginosa PAoI was able to survive. At both 
concentrations of silver P. mirabilis was able to survive. The incorporation of cupric 
oxide nanoparticles in epoxy resin elicited similar results: at 1% it caused the killing 
of all microorganisms except P. mirabilis, while at 0.5%, together with P. mirabilis, 
EMRSA 15, S. epidermidis, and P. aeruginosa PAoI were not killed. A dose-response 
with both silver and cupric oxide nanoparticles can be observed with some of the 
bacterial species (S. epidermidis and P. aeruginosa, and EMRSA 15 for nanoCuO 
only). There was no overall clear difference in the bacteriocidal effects between the 
gram-positive and gram-negative microorganisms tested. 
 
3.3.1.2. Release killing, durability, and pH changes 
The pH values obtained at day 0 (fresh TSB only) and at day 20 with TSB to which 
the five different epoxy nanocomposites were added are shown in table 3.2. 
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  Day 0   Day 20   
  TSB Nanoparticle free Ag 1% Ag 0.5% CuO 1% CuO 0.5% 
  7.30 7.10 7.19 7.20 7.42 7.13 
  7.21 7.19 7.14 7.14 7.56 7.11 
  7.29 7.23 7.24 7.12 7.42 7.13 
        
Average: 7.267 7.17 7.19 7.15 7.47 7.12 
       
Standard 0.049 0.067 0.050 0.042 0.081 0.012 
deviation       
Difference - -0.093 -0.077 -0.113 0.200 -0.143 
with control       
Table 3.2. pH values of TSB at day 0 (TSB only) and at day 20 (TSB with the five different epoxy 
nanocomposites). Measurements were done per triplicate (three tubes of each were prepared and 
analyzed). Average and standard deviation of the values obtained are shown. 
 
The pH variations caused in TSB by the presence of the epoxy resin sections were 
sufficiently low to be neglected. None of the cell killing was attributed to a pH effect. 
 
Table 3.3 shows the results of the release killing and durability assay. The number of 
days each epoxy resin nanocomposite exerted a bacteriocidal effect on the seven 
species/strains is indicated. The experiment was conducted for 20 days, and in some 
cases, killing took place for the entire period. 
  
Nanoparticle 
free Ag 1% Ag 0.5% CuO 1% CuO 0.5% 
S.aureus Oxford 0 >20 >20 >20 0 
EMRSA 15 0 >20 >20 >20 0 
EMRSA 16 0 >20 3 >20 0 
S.epidermidis 0 4 0 0 0 
E.coli NTCC 9001 0 >20 >20 19 0 
P.aeruginosa PAoI 0 1 1 0 0 
P. mirabilis 0 0 0 0 0 
Table 3.3. Number of days the five epoxy resin nanocomposites prevented the growth of the bacterial 
species/strains tested. ‘>20’ indicates that the growth was prevented for the duration of the experiment 
(20 days). 
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TSA and MacConkey (for P. mirabilis) agar plates utilized to check for possible ‘slow 
growth’ revealed that none occurred throughout the experiment. 
 
Nanoparticle free epoxy resin did not show any antimicrobial properties against the 
seven species/strains examined. The incorporation of nanosilver elicited an excellent 
antimicrobial effect in some cases. When the percentage of the nanoparticle used was 
1%, none of the three S. aureus strains evaluated grew for the duration of the 
experiment, and this was also the case of E. coli NCTC 9001. The effectiveness 
against S. epidermidis was markedly lower, as it was killed for 4 days only, and 
against P. aeruginosa PAoI and P. mirabilis there was virtually no bacteriocidal 
effect. The decrease of the nanosilver amount to 0.5% caused similar effects in most 
cases; however, a dose-response can be clearly seen in the cases of EMRSA 16 and S. 
epidermidis, where the period where killing occurred was reduced from >20 to 3 days 
and 4 to 0 days, respectively. The effects of the incorporation of copper oxide 
nanoparticles at 1% had similar effects to 1% nanosilver: none of the three S. aureus 
strains survived for the duration of the experiment and E. coli NCTC 9001 was only 
not killed on day 19. In comparison to silver nanoparticles, S. epidermidis was not 
killed at all, as opposed to 4 days when using nanosilver at 1%. There were no 
antimicrobial effects against P. aeruginosa PAoI or P. mirabilis. Conversely, the 
results produced by copper oxide nanoparticles at a concentration of 0.5% were most 
dissimilar to those with nanosilver at 0.5%: no antimicrobial effect was elicited 
whatsoever and no killing occurred with any of the bacterial species/strains tested.  
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3.3.1.3. ICP-OES 
The concentration of silver ion in the epoxy resin sections, with silver nanoparticles 
incorporated at 1 and 0.5% in the resin nanocomposites, were both below the 
detection level of the instrument used in every replicate, sample and at each day. Such 
limit was 1.174 ng/ml. Samples had been diluted 50 times due to requirements of the 
technique (5 ml is the minimum sample volume required); however, without a value 
the dilution factor can not be utilised. A solution to this issue would have been to add 
three and two pieces of the 0.5% and 1% silver-epoxy resin nanocomposite 
respectively, as opposed to one. 
 
The results of the ICP-OES analysis for the epoxy resin sections containing 1 and 
0.5% nanoCuO are shown in figure 3.6. With regard to the dilution factor, a final 
volume of 5 ml and a sample volume of 100 µl results in such factor to be 1:50. This 
was considered and used to provide the values in figure 3.6. 
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 Fig. 3.6. Evolution of the concentration of copper ion released from nanoparticle-free epoxy resin, 
CuO 1% epoxy resin, and CuO 0.5% epoxy resin over 20 days. Standard deviation error bars produced 
from three replicates are shown. 
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As it was to be expected, the concentration of copper ion in the tubes which had 
contained nanoparticle free epoxy resin remained virtually zero for the duration of the 
experiment. Conversely, in the case of the 1% resin nanoCuO composite, the 
concentration of the copper ion increased steadily over the 20 days, reaching a 
maximum of approximately 25 µg/ml on day 20. While, the copper ion concentration 
with the 0.5% CuO resin remained close to zero as the experiment progressed and 
achieved a maximum value of only 1.4 µg/ml. 
 
3.3.2. Polyurethane-nanoCuO coating 
Figure 3.7 shows the results of the time-kill assay carried out with EMRSA 16 
utilizing the microscope slides with a polyurethane-cupric oxide nanoparticle coating. 
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Fig. 3.7. Survival of EMRSA 16 with respect to time when exposed to microscope slides coated with 
polyurethane blended with CuO nanoparticles at different concentrations (0, 1, 5, and 10%).  The 
survival of the bacterium in PBS (microscope slide free) was considered to be 100%. Standard 
deviation bars are shown. 
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Although bacterial survival with blank slides (no coating) was not 100%, the 
reduction was minor, and overall, the antimicrobial activity of these slides was 
discounted. Polyurethane alone was not expected to decrease bacterial cell viability; 
however, it showed an apparent antimicrobial activity, causing a steady decrease in 
bacterial counts with time, and achieving a 70% reduction at the end of the treatment 
(4 hours). Possible explanations to this are that the solvents (DMF and THF) did not 
completely evaporate and caused some cell death, or that part of the bacterial cell 
population became adhered and trapped into the polyurethane-CuO fibres, so that a 
proportion was not accounted for. Nevertheless, the addition of cupric oxide 
nanoparticles improved the antimicrobial activity. A reduction in bacterial survival 
with time was observed, and a dose-response was seen: the higher the nanocupric 
oxide percentage, the lower the bacterial survival. ANOVA analysis did not show any 
significant differences in the antimicrobial potential between polyurethane alone and 
when cupric oxide nanoparticles were incorporated at 1 and 5%. However, when this 
percentage was 10%, significant differences (p < 0.05) were found with respect to 
polyurethane alone in every case, and also when compared to the 1 and 5% slides at 2, 
3 and 4 hours. With 10% CuO nanoparticles-polyurethane slides, at the 2 hour time 
point the bacterial survival had already decreased to 10%, culminating in killing 
virtually the whole bacterial population. 
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3.4. Discussion 
Both the publications by Furno et al. (2004) and Kumar and Münstedt (2005) were 
concerned with the release of silver ions from materials which had been impregnated 
with silver nanoparticles. In this respect, the work of Kumar and Münstedt (2005) was 
more complete, and the explanation of the ‘plasticization’ process of the materials 
(penetration of water and consequent oxidation of inner nanoparticles and generation 
of silver ions) added further support. Furno et al. (2004), using a 5-day long test 
period with silicone discs impregnated with silver nanoparticles that had not been 
washed with deionised water, observed that the release of silver ions declined after the 
third day. If the experiment had lasted longer, plasticization would have been prone to 
occur and the release of silver ions reactivated. Also, both studies are in agreement 
that the initial release of silver ions, with the consequent antimicrobial effect, is due to 
superficial silver, with any effects afterwards being due to silver nanoparticles 
incorporated within the material matrix. This helps to explain the findings by Furno et 
al. (2004), where the lack of antimicrobial activity of the silicone discs washed with 
deionised water for one hour may well be due to the superficial silver having been 
washed away. However, if the experiment had lasted longer, penetration of water into 
the material may have prompted generation of silver ions from the inner silver 
nanoparticles and antimicrobial activity would have been observed. Also, the fact that 
the unwashed discs covered in a conditioning film (human plasma) retained the 
antimicrobial activity, demonstrates the effects were not abolished under 
physiological conditions. 
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In the present work, the killing experiments utilizing epoxy resin were conducted 
from two different perspectives: killing based on direct contact with the 
nanocomposites and killing based on ion release from the nanoparticles impregnated 
in the resin. In the first case, both the nanoparticles and the release of ions from the 
nanoparticles lodged on the surface of the epoxy resin section would contribute to the 
observed killing, leaving the bacterial cells exposed to two ‘sources’ of antimicrobial, 
while in the release killing assays, there exists only one such ‘source’ (released ions). 
Therefore, it would be expected that the bacteriocidal effects are higher in the contact 
killing experiments. This was clearly observed with most microorganisms when tested 
with nanoCuO, especially when the concentration of the nanoparticle in the 
nanocomposite was 0.5%. In this case, the release killing experiment did not impede 
bacterial survival over a prolonged period, while contact killing experiments did exert 
a marked bacteriocidal effect. 
 
Oxidation of nanoparticles is essential for the generation of the corresponding ions. 
From the work by Furno et al. (2004) and Kumar and Münstedt (2005), it is consistent 
to consider that an aqueous environment is necessary for this to occur in the 
nanocomposites. The release killing assays were conducted in TSB, which provided 
the liquid environment, whereas in the contact killing experiments, it was provided 
with only the 20 µl inoculum. Although the contact killing experiments appear to be 
more effective than the release killing, the former was a 24 hour exposure assay, 
whereas the latter lasted 20 days. This suggests that, in the short term, contact killing 
is more effective, however, due to the limited volume of liquid applied to the 
nanocomposite (20 µl from the inoculum), generation of antimicrobial ions from the 
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nanoparticles embedded in the nanocomposite matrix would be limited, in which case 
the killing would rely only on nanoparticles, and may elicit a poorer antimicrobial 
effect in the long term. In fact, in the release killing tests, nanocomposites prevented 
growth and killed some of the microorganisms tested for the entire duration of the 
experiment (20 days). 
 
Kumar and Münstedt (2005) used polyamide-silver composites and outlined the 
process of plasticization in relation to silver ion release. It is reasonable to think that 
this should also occur with other metal particles. In fact, this has been proven in the 
present work by measuring the release of copper ions from the epoxy resin-CuO 
nanocomposites by ICP-OES. 
 
Release of ions from epoxy resin sections impregnated with nanosilver and 
nanocopper oxide was analyzed by ICP-OES. Furno et al. (2004), utilizing silicone 
discs impregnated with silver nanoparticles, in a 5 day experiment, found silver ion to 
be released abundantly for 3-4 days only, and Kumar and Münstedt (2005), in a 
longer experiment, using polyamide-silver composites, found that the silver ion 
release was abundant for the first four days, then it stabilized on days five and six, and 
finally it became reactivated at day seven and was maintained to the end of the 
experiment. In the present work, the ICP-OES detection and measurement of silver 
ions from the epoxy resin-silver nanocomposites was regrettably unsuccessful: the 
silver ion concentration released into the medium was below the detection level of the 
instrument. ICP-MS, or inductively coupled plasma mass spectrometry, is a variation 
of this technique with the main difference being the detection method. The advantage 
of ICP-MS with respect to ICP-OES is its greater sensitivity. However, at 
 - 179 - 
concentrations above the detection threshold, both ICP variants produce very similar 
results (Ducros et al. 1996). In this case, it is suggested that ICP-MS could be applied 
in future studies to study silver ion release. 
 
Detection and measurement of copper ion from the epoxy resin-CuO nanocomposites 
was readily observed. The 0.5% w/w CuO nanoparticles composite produced a 
minimal increase of copper ions with respect to plain epoxy resin, which remained at 
the same concentration for the duration of the test (1.4 µg/ml). Conversely, for the 
nanocomposite with 1% w/w CuO nanoparticles, the increase of copper was 
substantial for the duration of the test, reaching a maximum of 25 µg/ml on day 20. 
This is in agreement with the results obtained in the release killing experiments: 0.5% 
CuO nanocomposites did not cause any bacterial death, whereas antimicrobial 
effectiveness of 1% CuO nanocomposites was remarkable with four strains. In the 
case of 1% CuO nanocomposites, however, the copper ion concentration increase did 
not follow the pattern described by Kumar and Münstedt (2005), but it was a constant 
and steady increase, with no delay observed over days 4 and 5, or on any other day. 
The material within which the antimicrobial agents are embedded is thus of 
importance. Furno et al. (2004) utilized silicone discs, whereas Kumar and Münstedt 
(2005) used polyamide, and in the present work the material used was epoxy resin. 
Different materials have different properties which will affect water penetration and 
consequent ionization of impregnated metal nanoparticles. This signifies that, in this 
context, the material used to fabricate the nanocomposite is basically as important as 
the antimicrobial agent used, as this matrix controls the release and availability of the 
antimicrobial ions. The ion release pattern of epoxy resin may be advantageous as the 
release is constant and steady, with the delay on days 3-5 not observed, unlike in the 
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cases of silicone and polyamide. Furthermore, epoxy resins are used in numerous 
fields, including surface coatings, adhesives, and dentistry, where an antimicrobial 
activity could be beneficial. 
 
The possibility of pH changes due to the presence of the epoxy resin in the medium 
must be considered. This would have an effect on the survival of the bacterial cells, 
and the antimicrobial activity could not necessarily be attributed solely to the effect of 
the released metal ions. Changes in pH less than 0.5 units would have been considered 
to have no marked effect on bacterial survival; conversely, changes above that value 
would have required the repetition of the experiment with the addition of a buffer, to 
maintain the pH at neutral values. The maximum pH change occurred with the epoxy 
resin containing nanoCuO 1%, and it was only of 0.2 units. Therefore, it was 
concluded that the presence of the different epoxy resin nanocomposites did not cause 
a pH change that significantly affected the survival of the microorganisms. 
 
 
Electrospinning has been shown to be a technique with potential as regards 
antimicrobial applications. The obtained fibres combined with antimicrobial agents 
provide antimicrobial properties for biomaterial surfaces giving ‘breathable’ and 
‘interaction’ characteristics, where air and fluid flow interaction is made possible by 
gaps between interconnected fibres, meaning that oxygen permeability is high and 
fluid absorption is promoted. These properties make electrospun fibres combined with 
antimicrobial agents ideal candidates for wound healing applications, with both 
prevention of infection and maintenance of good hydration in the affected area. Also, 
Ignatova et al. (2008) showed that electrospun nanofibrous mats of PVP (polyvinyl 
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pyrrolidone) and PEO (polyethylene oxide)/PVP containing complex-bound iodine 
possessed antibacterial and antimycotic activity, and also prevented bacterial 
adhesion, which would be invaluable in all sorts of biomedical applications. In the 
present work, microscope slides were coated with copper oxide nanoparticles; 
however, this technique can be easily adapted to the coating of medical devices or any 
other tridimensional objects. A factor that must be assessed thoroughly is the 
resistance of the electrospun films/fibres to stresses to which they may be exposed in 
every particular use given, for example, resistance to high temperatures, or the 
mechanical stress in the interior of a catheter caused by the administered liquid. 
 
Hanna et al. (2006) and Raad et al. (2008) investigated the performance of 
antimicrobial catheters at preventing bacterial adhestion and durability. Commercially 
available catheters impregnated with minocycline and rifampicin, with clorhexidine 
and silver sulfadiazine, and with silver, platinum and carbon black were tested. 
Although the activity of the silver containing group was significant, in both studies 
catheters impregnated with the two antibiotics performed better. However, it must be 
noted that the nature of the silver component was not specified in any of the two 
studies. This is perhaps to be expected as the tested catheters are commercially 
available and, therefore, probably covered by a patent that does not allow the 
disclosure of the exact composition. The present work and many other studies have 
confirmed the antimicrobial efficacy of silver nanoparticles, with which it is 
suggested that impregnation with nanosilver would be prone to cause the 
antimicrobial results with these catheters to improve. Furthermore, the probability of 
bacterial resistance development towards metal nanoparticles is remarkably low in 
comparison to that of antibiotics, as the former have multiple targets in the cell. 
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Chapter 4 
Nanoparticle cytotoxicity  
on eukaryotic cells 
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4.1. Introduction 
 
The field of nanotechnology is rapidly evolving. Increases in the use of manufactured 
nanomaterials and the associated increased exposure to mankind are issues that must 
be addressed. In addition, certain occupational groups, for example welders and steel 
mill workers, are regularly exposed to nanoparticles (Karlsson et al. 2008). 
 
After the initial upsurge in nanotechnology applications, awareness with regard to 
associated risks has been raised. Potential toxicity to eukaryotic cells becomes a 
matter of overriding significance and requires full assessment. Although a 
considerable amount of literature concerning this topic has been published and 
divulged, there is still a lack of knowledge with regard to nanotechnology safety. The 
main reason for this situation is that global research into nanotechnology only started 
in earnest in the 1980s, which makes this area relatively recent, and consequently the 
amount of research performed in the area is limited, especially epidemiological 
studies. 
 
Generally, the biological activity of a given particle depends on its shape and 
increases with size reduction. Utilizing RAW264.7 (murine macrophage) and BEAS-
2B (transformed human bronchial epithelial) cell lines, Li et al. (2003) compared the 
effects of three groups of environmental particles differing in particle size: coarse 
(2.5-10 µm), fine (<2.5 µm), and ultrafine (<100 nm); they found that ultrafine 
particles were the most potent at depleting reduced glutathione levels (GSH, as 
opposed to its oxidized form (GSSH)), inducing the expression of cellular haeme 
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oxygenase-1, and generating reactive oxygen species, all of such situations being 
indicative of oxidative stress. 
 
The unique physical and chemical properties as a result of their size and, when 
applicable, manufacturing processes, may make nanoparticles capable of crossing 
membranes and even very small capillaries to access tissues that are normally free of 
micron-sized and larger particles (Yang et al. 2009). This could be used as an 
advantage in the treatment of diseases, as nanoparticles can be easily distributed 
throughout the body and reach targets which are inaccessible for larger particles 
(Braydich-Stolle et al. 2005). 
 
Apart from nanoparticle properties, different target cell types and tissues may differ in 
sensitivity and resistance to such nanoparticles. A clear example is found when 
comparing the results of Alt et al. (2004), who found that a concentration as high as 
10000 µg/ml of nanosilver is innocuous to osteoblasts, and Arora et al. (2008), whose 
work showed that as little as 6.25 µg/ml of the same nanoparticle can cause negative 
effects on the A431 (human skin carcinoma) and HT-1080 (human fibrosarcoma) cell 
lines. 
 
Most publications concerned with nanoparticle toxicity highlight the same 
mechanisms by which the toxic effects may take place: oxidative stress, membrane 
disruption, and genotoxicity. To measure oxidative stress, there are a number of 
commercially available assays which are commonly used: MTT (3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide), which measures the overall 
mitochondrial function (Park et al. 2008), lipid peroxidation (Nel et al. 2006, Arora et 
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al. 2008) and ROS (reactive oxygen species) generation (Hsin et al. 2008, Yang et al. 
2009). Glutathione, an ubiquitous molecule, and the superoxide dismutase (SOD) 
enzyme, are directly involved in the redox homeostasis of the cell, and a depletion of 
reduced glutathione levels (GSH), and a decrease in SOD activity, are indicative of an 
overwhelming generation of reactive species with which the cell is unable to cope 
(Yang et al. 2009). For membrane disruption, the lactate dehydrogenase (LDH) 
leakage assay is the most frequently used; this is a cytoplasmic enzyme, and 
measuring its levels in growth media where cells have been growing indicates leakage 
from the cellular cytoplasm, which is indicative of a compromised membrane 
(Braydich-Stolle et al. 2005). Genotoxicity can be investigated through the use of the 
comet assay, or SCGE (single cell gel electrophoresis), which through electrophoresis 
detects the extent of DNA damage (AshaRani et al. 2009). 
 
Cell death can occur mainly through two processes: apoptosis and necrosis. Necrosis 
is a traumatic, uncontrolled process that basically occurs in an unexpected manner and 
can cause negative consequences in the surrounding tissue, for example the triggering 
of inflammation. Conversely, apoptosis is a controlled, complex cellular process that 
is activated only following a variety of stress stimuli, including metal exposure (Wang 
et al. 2007) and oxidative stress, leading to the degradation of the cell. Consequently, 
it is important to investigate which of these two processes cells undergo upon 
nanoparticle exposure. An excess ROS generation and accumulation, which causes 
mitochondrial membrane permeability and damages the respiratory chain, is a key 
factor in the initiation of the apoptotic process. In Beas-2B cells, a nontumorigenic 
human bronchial epithelial cell line, Park et al. (2008) showed that TiO2 nanoparticle 
treatment caused chromatin condensation, which would indicate apoptosis, and the 
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activation of caspase-3, a protein that plays a key role in the apoptotic pathway. Hsin 
et al. (2008), using a mouse fibroblastic cell line (NIH3T3), described a 
mitochondrial-dependent apoptotic process triggered by nanosilver, which is a 
mitochondrial pathway that involves regulation of pro- and antiapoptotic proteins. 
Phosporylation, and consequent activation, of proapoptotic p53 and JNK (Jun N-
terminal kinase, a MAP kinase) proteins, and down-regulation of the antiapoptotic 
Bcl-2 protein, promote apoptosis. Inhibition of either p53 or JNK activity or decrease 
of ROS levels attenuated apoptosis. Nevertheless, when HCT116 cells (a human 
colon cancer cell line) were subjected to the same treatment, Bcl-2 was upregulated 
and apoptosis did not occur, with longer exposures to nanosilver causing necrosis. 
Again, this indicates differences in resistance/sensitivity between different cell lines. 
 
It appears that nanoparticle concentration, at a lethal level for the cells, also plays a 
role in the occurrence of either apoptosis or necrosis. Arora et al. (2008) showed that 
in human skin carcinoma cells (A431 cell line) and human fibrosarcoma cells 
(HT1080 cell line), 6.25 µg/ml of nanosilver caused apoptosis, whereas 12.5 µg/ml 
and higher led to necrosis. C18-4 spermatogonial stem cells treated with nanoparticles 
of cadmium, silver, molybdenum and aluminium also behaved in a similar manner, 
and an increase in nanoparticle concentration caused cell death through necrosis 
instead of apoptosis (Braydich-Stolle et al. 2005). These same authors proposed that, 
in theory, mitochondrial malfunction together with integrity of plasma membrane is a 
situation that allows apoptosis to occur; should the plasma membrane become 
excessively damaged, necrosis is a more likely outcome. 
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Argyria is a rare adverse effect as a result of chronic exposure to silver. The clinical 
manifestations are a permanent bluish-gray discolouration of the eyes (argyrosis), 
internal organs, and skin, with the effects in sunlight-exposed areas being more 
pronounced and severe (face, ears, forearms, hands, nails) (Drake and Hazelwood 
2005). These same authors classified argyria as either localized or generalized. Direct 
contact of silver with exocrine sweat glands or punctures may cause localized argyria; 
while inhalation, ingestion, injection, or application to mucosal surfaces of silver 
compounds may cause generalized argyria. Another important differentiation is 
between soluble silver compounds and metallic (insoluble) silver. Through 
‘occupational exposure to silver’ studies (workers in different environments whose 
job involves contact with silver on a regular basis), it was found that soluble forms 
were more likely to cause argyria, whereas metallic silver posed minimal risk to 
health (Drake and Hazelwood 2005). 
 
The main objective of this part of the present work was to add knowledge as regards 
the adverse effects nanoparticles may have on eukaryotic cells. The tested 
nanoparticles were those which demonstrated the most promising antimicrobial 
activity: silver and cupric oxide. It has been suggested that lungs, intestinal tract, and 
skin, are the three main portals of entry for nanomaterials into the human body (Hoet, 
Brüske-Hohlfeld and Salata 2004, Oberdörster, Oberdörster and Oberdörster 2005b), 
and it was on this basis that the choice of cell lines to be used was made: skin 
keratinocytes, epithelial colon cells, and epithelial lung cells. The optical microscopy 
images provided an overview of the detrimental effects, whereas the MTT assay, 
which measures mitochondrial activity, helped to ascertain where these toxic effects 
occur. 
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4.2. Materials and Methods 
 
4.2.1. Description, conservation, and propagation conditions of cell lines 
The experiments were performed using three different cell lines and, in every case, 
between the 20 and 35 passage.   
 
4.2.1.1. N-Tert 
This is an hTERT-immortalised human skin keratinocyte cell line that maintains the 
ability to differentiate. The immortalization was carried out via the telomerase 
catalytic subunit, by which the natural shortening of telomeres is prevented. (Burdick 
et al. 2007, Patterson, Smith and Ozbun 2005, Dickson et al. 2000). 
 
For this cell line, the medium used has the following composition: 
- KSFM: keratinocyte serum-free medium with L-Glutamine (Gibco) 
- BPE: bovine pituitary extract (Gibco) 
- rEGF: recombinant epidermal growth factor (Gibco) 
- 1% P/S (Gibco) 
The serum-free KSFM medium (Keratinocyte-SFM (1x), with L-Glutamine) (Gibco), 
was used for the propagation and maintenance of this cell line. It was supplemented 
with the Keratinocyte-SFM supplement (Gibco), which contains Bovine Pituitary 
Extract (BPE) and human recombinant Epidermal Growth Factor (rEGF). The final 
concentration of these must be 25 g/ml for BPE and 0.2ng/ml for rEGF. KSFM was 
wrapped in foil at all times as it is photosensitive. A mixture of the antibiotics 
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penicillin and streptomycin (P/S) (Gibco) was also added to the medium at a final 
concentration of 1% v/v to prevent bacterial contamination. 
KSFM was not supplemented with 10% FCS (Foetal calf serum), thus providing a 
more defined medium. In the 1980s, several workers helped to develop a medium 
which permitted the growth of keratinocytes in a serum-free environment (Maciag et 
al. 1981, Tsao, Walthall and Ham 1982, Boyce and Ham 1983). The addition of EGF 
and, most critically, BPE, makes it possible for this cell line to grow in a serum-free 
medium, and without the need of feeder cell layers. 
 
This cell line was kindly supplied by the Institute of Dentistry Department, Centre for 
Clinical and Diagnostic Oral Sciences (CDOS), Barts and the London School, Queen 
Mary University of London. 
 
4.2.1.2. HT29 
The HT29 is a human epithelium colon adenocarcinoma cell line. It was stablished in 
permanent culture by Dr. Jorgen Fogh (Sloan Kettering Institute for Cancer Research, 
Rye, NY) (Devedjian et al. 1991). 
 
The medium which will be used for the culture of this cell line consists of: 
- DMEM (Dulbecco’s Modified Eagle Medium) Glutamax (Gibco) 
- 1% P/S (Gibco) 
- 1% NEAA (non-essential aminoacids) 100x (Gibco) 
- 1% Hepes 1M (Sigma) 
- 10% FCS (inactivated serum) (Gibco) 
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This cell line was kindly supplied by the Centre for Digestive Diseases, Blizard 
Institute of Cell & Molecular Science, Barts and the London School, Queen Mary 
University of London. 
 
4.2.1.3. A549 
The A549 tumour cell line was initiated from the tissue of a 58 year old caucasian 
male with alveolar carcinoma in 1972 by D.J. Giard et al. (1973). These cells have a 
human karyotype and appear to have been derived from a single parent cell. (Lieber et 
al. 1976). All of the A549 cells, examined by these authors using electron 
microscopy, at both early and late passage levels contained multilamellar cytoplasmic 
inclusion bodies, typically found in type II alveolar epithelial cells of the lung. 
 
The medium used for the culture of this cell line consists of: 
- DMEM (Dulbecco’s Modified Eagle Medium) Glutamax (Gibco) 
- 1% P/S (Gibco) 
- 1% L-Glu (L-Glutamate) 
- 10% FCS (inactivated serum) (Gibco) 
 
This cell line was kindly supplied by Centre for Infectious Diseases (CID), Blizard 
Institute of Cell & Molecular Science, Barts and the London School, Queen Mary 
University of London. 
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4.2.2. Cell splitting, and mid and long-term cell conservation 
The three cell lines used in this project propagate optimally at 37 oC and 5% CO2, 
which are the incubator settings that have been used during all the experiments. 
 
4.2.2.1. Cell splitting 
In order to keep cells in culture in the proliferative state (as opposed to 
differentiation), cells must be maintained at a sub-confluent density by splitting. This 
process must be carried out before 80-90% confluency is reached. The following 
splitting protocol has been used in this project for the three cell lines; however, 
although this process is general to a certain extent, for other cell lines adjustments to it 
may be required, for example adjustment of the trypsinitazion time. 
 
- Cells were grown in T75 flasks containing approximately 15 ml of the 
corresponding medium.  
 
- Medium was discarded by aspiration. Cells were washed with 10 ml of PBS. 
The main reason for this step was to remove residual serum from the medium, 
which inactivates trypsin. However, washing also ensures the removal of dead 
cells and any potential artifacts that could interfere with the trypsin, which is 
the reason why the N-Tert cells, which use serum-free medium, also requires 
washing. 
 
- 2.5 ml of trypsin + 0.01% EDTA mix were added to each T75 flask, which 
were then placed in the incubator for approximately 10 minutes. 
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EDTA is a chelating agent that mainly chelates divalent ions, like Ca2+, which 
are necessary for cell attachment. Trypsin is a digestive enzyme which 
promotes cell detachment. Its optimal working temperature is 37 oC. It is toxic 
(for it being a digestive enzyme), therefore it needs to be inactivated after cell 
detachment has occurred, and the addition of serum-enriched media serves this 
purpose, as the serum components cause inactivation. 
 
- After 10 minute incubation, trypsin is neutralised with 5 ml of the 
corresponding fresh media and, if necessary, detachment is aided by tapping 
the flasks (physical detachment), which is confirmed by the observation of 
floating cells under the microscope. In the case of N-Tert cells, either A549 or 
HT29 medium must be used for this step only (N-Tert grow in a serum-free 
medium). 
 
- The contents of each flask were transferred into universal tubes. Cells were 
then centrifuged at 800 rpm for 5 minutes at room temperature (RT). The 
supernatant was aspirated and discarded. 30 ml of fresh medium were added 
and mixed well with the aid of a pipette, until the pellet of cells was dispersed. 
2.5 ml of the cell suspension were transferred to each T75 flask and 
replenished with 15 ml of the corresponding fresh medium. The remaining of 
the cell suspension was either discarded or used to make frozen stocks. Flasks 
were then incubated. 
 
 
 
 - 193 - 
4.2.2.2. Mid and long-term cell conservation 
Cells in culture in the proliferative state naturally age. Also, exposure to trypsin 
during splitting is potentially detrimental. Therefore, with every passage an inherent 
risk exists for the overall health of the cells, which is increased with the number of 
passages. This is the main reason why cells must be kept viable without the need for 
sub-culturing, and this is achieved by freezing. 
 
4.2.2.2.1. Cell freezing 
- After trypsinization, cells were counted using a haemocytometer. Appropriate 
dilution with the corresponding medium to obtain a final concentration of 1-2 
million cells/ml was carried out. 
 
- Cells were centrifuged (800 rpm, 5 minutes, 22 oC), supernatant aspirated, and 
then cells were resuspended in freezing mix (90% FCS + 10% DMSO) at the 
same final cell concentration. DMSO (Dimethyl sulfoxide), at this 
concentration,  permeabilises cell membranes to a level compatible with cell 
survival, and this permeabilisation prevents cell lysis as a result of crystal 
formation during the freezing process. 
 
- 2 ml cryovials tubes were used for storage. Each was filled with 1.5 ml of the 
cell/freezing mix blend. 
 
- Vials were kept at -80 oC. When storage for a long period (longer than two-
three weeks) was required, after one day at -80 oC cryovials were transferred 
to liquid nitrogen at -196 oC. 
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4.2.2.2.2. Cell defrosting 
- Cryovials were placed directly into the water bath (37 oC) from the -80 oC 
freezer/liquid nitrogen. 
 
- Once fully defrosted, the contents of the vial were transferred to a centrifuge 
tube together with 10 ml of medium, and centrifuged. Medium was then 
aspirated to remove the DMSO; cells were resuspended in 15 ml of fresh 
medium, and transferred into an appropriate culture flask for incubation. 
 
 
4.2.3. Optical microscopy images 
Many studies (Braydich-Stolle et al. 2005, AshaRani et al. 2009, Arora et al. 2008, 
Hussain et al. 2005) include the microscopic observation of cells which have 
undergone a treatment with a suspected cytotoxic agent, as part of the cytotoxicity 
evaluation. 
 
4.2.3.1. Protocol 
10 cm petri dishes were used to perform this test. Any nanoparticle excess must be 
removed as this would hinder the quality of the images obtained. This is more 
effectively carried out in individual petri dishes rather than in multi-well plates. 
 
1 ml of each of the three cell lines was seeded at a concentration of 5x105 cell/ml and 
incubated for 24 hours. After this period, and following microscopic observation of 
proper attachment to the container and growth, cells were challenged with different 
concentrations of nanoAg and nanoCuO: 
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- Control 
- Ag: 200, 100, 50, 20 and 10 µg/ml 
- CuO: 1000, 500, 250 and 100 µg/ml 
 
These suspensions were prepared with the three respective media used for the 
culturing of the cell lines. The selected nanoparticle concentrations were based 
upon the results obtained in the antimicrobial tests. This range expands across 
bacteriocidal values to sub-lethal nanoparticle concentrations for the tested 
bacterial species. Stock, concentrated suspensions of 1000 µg/ml of silver 
nanoparticles and 5000 µg/ml of cupric oxide nanoparticles were made, and the 
subsequent dilutions prepared from those. 
 
Plates were moved to the incubator for 24 hours. After this period, dishes were 
washed twice with 1 ml of PBS to remove cells floating and nanoparticle excess. 
The inverted microscope Nikon Eclipse TE2000-S was used to capture images of 
the cells at a 40x magnification. For each one of the three replicates, two dishes 
were prepared for controls and all the tested nanoparticle concentrations. 
 
 
4.2.4. MTT assay 
MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) is a water 
soluble tetrazolium salt yielding a yellowish solution when prepared in PBS (or 
salt/media solutions lacking phenol red). This assay is used to measure cell 
mitochondrial function. Mitochondrial dehydrogenase enzymes, in viable cells, are 
capable of cleaving the tetrazolium rings to form insoluble purple formazan crystals. 
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When solubilised with DMSO (or isopropanol or other organic solvents), these 
formazan crystals can be measured spectrophotometrically, and the resulting 
absorbance is directly proportional to the formazan concentration and, therefore, 
mitochondrial activity. This assay was first described by Mosmann (1983), and it is 
still used currently as part of cytotoxicity evaluation (Hussain et al. 2005, Yang et al. 
2009, Hsin et al. 2008, Park et al. 2008). 
 
4.2.4.1. Protocol 
Cell propagation may be affected by the nanoparticle treatment, and cytotoxic effects 
may only be detected after longer treatment times. These are the reasons why three 
different treatment times were investigated: 4 h, 24 h, and 4 days (short, mid, and 
long-term). 
 
12-well plates were utilised for this assay. For the 4 and 24 hour time points, the 
initial cell concentration seeded in each well was: 
 
o N-Tert: 1 ml at 105 cells/ml 
o HT29: 1 ml at 5x105 cells/ml 
o A549: 1 ml at 5x104 cells/ml 
1 ml was the final volume in each well. A 20-hour incubation was allowed for the 
cells to attach and grow. The different initial concentration of cells seeded was due to 
the variations in the observed growth and propagation rate of each cell line, and was 
adjusted so that after the initial incubation the confluency was approximately 60%. 
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For the long-term evaluation, an initial pilot experiment to determine the optimum 
initial cell concentration to be seeded was performed: 90% confluence must be 
reached no sooner than on the third or fourth day, but must be high enough to permit 
cell propagation. Three different concentrations of each cell line were seeded in 12-
well plates in complete medium, nanoparticle-free: N-Tert: 5x104, 104, and 5x103 
cells/ml; HT29: 105, 5x104, and 104 cells/ml; A549: 104, 5x103, and 103 cells/ml. 
These were placed in the incubator, and the confluence in the wells checked daily. 
After a 4 day incubation, the cell concentrations that produced a confluence of >90% 
were chosen to perform the long-term MTT assay. These were: 
 
o N-Tert:5x104 cells/ml 
o HT29: 5x104 cells/ml 
o A549: 104 cells/ml 
 
For the 4 and 24 hour test, the nanoparticle concentrations tested were the same as 
those used for microscopy. Following mitochondrial activity determination at these 
time points, only those nanoparticle concentrations that resulted to be sub-lethal for 
the cells were used in the 4 day test: 
 
 
o N-Tert: 10 and 20 µg/ml Ag; 100 µg/ml CuO 
o HT29: 10 and 20 µg/ml Ag; 100 µg/ml CuO 
o A549: 10 and 20 µg/ml Ag; 100 and 250 µg/ml CuO 
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For the N-Tert and HT29 cell lines, even the lowest CuO concentration tested, 100 
µg/ml, was markedly cytotoxic after 24 hours. Nevertheless, such concentration was 
tested for a further period. 
 
MTT was dissolved to a concentration of 5 mg/ml in PBS. Following the 
corresponding treatment time, 100 µl (one tenth of the well volume) of the MTT 
solution was added to each well (final MTT concentration 0.5 mg/ml) without 
removing the media. An incubation of 1-1.5-hours followed, after which the media 
was removed and the insoluble formazan solubilised with 1 ml of DMSO. Together 
with plain DMSO, 200 µl of each well were transferred, per triplicate, to a 96-well 
plate, and the O.D. read at 570 nm. The assay was performed per triplicate using 
different cultures. 
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4.3. Results 
 
4.3.1. Optical microscopy images 
The following figures show the optical microscopy images of the three tested cell 
lines. Figure 4.1 shows the control, nanoAg treated, and nanoCuO treated N-Tert 
cultures. Figure 4.2 corresponds to the HT29 cell line, and figure 4.3 to the A549 cell 
line. 
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4.3.1.1. N-Tert cell line 
 
Fig. 4.1. N-Tert optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 and 10 
µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric oxide, 
respectively. 
 
A 
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Fig. 4.1. (Cont) N-Tert optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. Arrows in D) indicate observed spike-like protrusions. 
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Fig. 4.1. (Cont) N-Tert optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. 
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4.3.1.2. HT29 cell line 
 
Fig. 4.2. HT29 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 and 10 
µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric oxide, 
respectively. 
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Fig. 4.2. (Cont). HT29 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. 
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Fig. 4.2. (Cont). HT29 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. 
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4.3.1.3. A549 cell line 
 
Fig. 4.3. A549 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 and 10 
µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric oxide, 
respectively. 
A 
C B 
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Fig. 4.3. (Cont). A549 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. 
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Fig. 4.3. (Cont). A549 optical images, 40x. A) Untreated cells. B-F) Treatment with 200, 100, 50, 20 
and 10 µg/ml of silver, respectively. G-J) Treatment with 1000, 500, 250 and 100 µg/ml of cupric 
oxide, respectively. 
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Normal growth and proliferation of the three cell lines, when treated with CuO 
nanoparticles, was severely compromised. Compared to the untreated cells, a low cell 
density was observed in every case, even at the lowest CuO concentration tested, 
implying that many cells died as a consequence of the treatment, became detached, 
and were washed away. The N-Tert cells (skin keratinocyte) appeared to be the least 
affected as regards attachment as a considerably higher number of cells remained 
attached compared to the other two cell lines. Also, at every tested CuO 
concentration, cells completely lost their normal shape and appeared round, and 
marked shrinkage was also observed. With the A549 cells (human alveolar 
carcinoma) this effect was most marked. 
 
Treatment with Ag nanoparticles also had detrimental effects, but not at the lower 
concentrations. N-Tert cells treated with 10 and 20 µg/ml of silver appeared to grow 
and propagate normally, compared to the untreated cells. 50 µg/ml and the higher 
concentrations of silver did not affect cell density drastically. Conversely to the 
nanoCuO effects, shrinkage was not severe; in fact, a proportion of cells appeared 
swollen. Also, a spike-like protrusion, towards which the nucleus is located, can be 
observed in a number of cells (arrows in figure 4.1. D). For the A549 cell line, the two 
lowest silver concentrations tested did not appear to exert negative effects either; 
nevertheless, 50 µg/ml and higher silver concentrations caused cell shrinking and 
rounding, and cell density was modestly decreased. The HT29 (human epithelium 
colon carcinoma) cell line appeared unaffected by silver even at the highest 
concentration evaluated. 
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4.3.2. MTT assay 
The effect on mitochondrial activity at the tested concentrations of nanosilver and 
nanocupric oxide on the three cell lines can be seen in figures 4.4, 4.5 and 4.6. 
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Fig.4.4. N-Tert cells were challenged with different concentrations (µg/ml) of Ag and CuO 
nanoparticles. At three different time points, the mitochondrial function was evaluated through the 
MTT assay. Results represent the mean value of three replicates + SD (n=3). 
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Fig.4.5. HT29 cells were challenged with different concentrations (µg/ml) of Ag and CuO 
nanoparticles. At three different time points, the mitochondrial function was evaluated through the 
MTT assay. Results represent the mean value of three replicates + SD (n=3). 
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Fig.4.6. A549 cells were challenged with different concentrations (µg/ml) of Ag and CuO 
nanoparticles. At three different time points, the mitochondrial function was evaluated through the 
MTT assay. Results represent the mean value of three replicates + SD (n=3). 
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Up to 24 hours, the cell viability for the three cell lines when challenged with 10 and 
20 µg/ml of nanosilver was shown to be approximately 90% as compared to control. 
However, when the time of treatment lengthened to 4 days, differences were 
observed: viability remained the same for N-Tert; HT29 viability decreased 
significantly with the 20 µg/ml treatment, whereas with 10 µg/ml it stayed above 
80%; A549 viability decrease for both nanosilver concentrations was significant, and 
resulted to be below 40%. 
 
Cytotoxicity caused to the three cell lines by 50 µg/ml and above of nanosilver was 
marked, even after only 4 hours of treatment, leaving the cell viability at 
approximately 10%. 
 
Nanocupric oxide effects were disparate. A 1000 µg/ml concentration after 4 hours 
decreased the cell viability to below 40% in all cases; the next lower tested 
concentration, 500 µg/ml, had a similar effect except for the A549 line, where more 
than 60% of the cells appeared viable. The latter cell line was found to be the most 
resistant of the three, with viability approaching 100% at this treatment time with 250 
and 100 µg/ml concentrations. HT29 cells followed in demonstrating resistance to 
these nanoparticles, while the N-Tert cells viability was reduced to 50% when treated 
with the lowest nanocupric oxide concentration. 
 
When the time was extended to 24 hours, only the A549 cell line was able to endure 
the treatment, showing a viability above 80% with 250 and 100 µg/ml of CuO. No 
cell line, at none of the tested nanocupric oxide concentrations, tolerated the long-
term treatment, and the viability in every case was approximately 0%. 
 - 213 - 
4.4. Discussion 
 
The majority of therapeutics, if not all, have negative side effects and, still, are being 
administered regularly. There remains a lack of knowledge as regards nanoparticulate 
toxicity. It is clear that the risks associated with nanoparticle usage have to be 
assumed and acknowledged, as nanotechnology appears to be capable of providing 
novel ways to combat infections. 
 
Cells possess defences that eliminate, sequester, or dissolve nanomaterials, and also, 
when damage occurs, a range of repairing mechanisms. In fact, DNA mutations occur 
naturally, as well as ROS generation. Mankind has always been in contact with 
naturally occurring nanomaterials, although over the last century such exposure has 
dramatically increased due to advances in the use of nanotechnology. Up to a certain 
extent of damage, cells can deal with these adverse effects. The redox state is 
carefully monitored by the cell. Nel et al. (2006) discussed this matter and 
schematized (Fig. 4.7.) the cellular mechanisms and stages through which cells go 
when challenged with oxidative stress: 
 
 - 214 - 
 
Fig. 4.7. The hierarchical oxidative stress model. At a lower amount of oxidative stress (tier 1), phase II 
antioxidant enzymes are induced via transcriptional activation of the antioxidant response element by 
Nrf-2 to restore cellular redox homeostasis. At an intermediate amount of oxidative stress (tier 2), 
activation of the MAPK and NF- B cascades induces pro-inflammatory responses. At a high amount of 
oxidative stress (tier 3), perturbation of the mitochondrial PT pore and disruption of electron transfer 
results in cellular apoptosis or necrosis. N/A means not applicable. (Adapted from Nel et al. 2006)  
 
It is suggested in this work that the model would be more accurate if, in the tier 3 
stage, both apoptosis and necrosis were considered as possible outcomes. While it is 
clear that for necrosis the genetic response would be not applicable, it certainly is for 
apoptosis, as this process is highly regulated and implies the expression of a number 
of genes. 
 
MIC values for antibiotics typically fall between 0.008 and 128 µg/ml (Andrews 
2001), which is a range of concentrations considerably lower than that found for the 
tested nanoparticles in this study. This translates into a higher nanoparticle 
concentration necessary to achieve the desired antimicrobial effects, with a 
consequent cytotoxicity risk increase. In addition, in spite of the vast increase of 
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literature concerning the health risks that may be associated with nanotechnology, 
antibiotic toxicity is normally well characterised and assessed, and the safe, 
therapeutic concentrations determined (Roberts 2002, Rouveix 2003). Another 
example that illustrates this fact is the British National Formulary (BNF), an 
invaluable guide used in the UK for healthcare professionals, which provides 
information as regards the selection and clinical use of medicines. In the case of 
antibiotics, it offers information regarding the antibiotic or antibiotics that should be 
used to combat specific microorganisms, dose, and route of administration. 
Nevertheless, in an era where countless bacterial strains have developed resistance to 
many antibiotics, with meticillin-resistant S. aureus (MRSA) being currently one of 
the most widely known in this category, mankind is desperate to find new means to 
combat infections. 
 
Alt et al. (2004) loaded plain polymethylmetacrylate (PMMA) bone cement with a 
concentration of nanosilver of 1% (10000 µg/ml), in an attempt to reduce the risk of 
infection in artificial joints implantation. In the course of their studies, a mouse 
fibroblast and a human osteoblast cell line were challenged with this concentration of 
nanosilver, and it was concluded that nanosilver did not have any major in vitro 
cytotoxic effects. This contrasts with the results obtained in the present study, where 
50 µg/ml of silver was shown to be highly toxic for the three cell lines tested. 
However, in that work nanosilver particle characterisation was not indicated, only 
size, and as mentioned, other factors like nanoparticle shape play an important role in 
both antimicrobial activity and cytotoxicity. Also, the cell types tested were different 
and, as seen within this study, different cell types respond differently to nanomaterial 
treatments. 
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MTT assay, LDH leakage, or GSH depletion, are commonly used in the study of 
nanoparticle cytotoxicity. However, methodology standardisation for these studies has 
not been established and, to date, it is the decision of the individual laboratory to 
choose the methodology that would suit their experiments more appropriately. Yoon 
et al. (2007) attempted to develop a strategy based upon a mathematical formula to 
determine bacterial susceptibility constants, with which the antimicrobial activity of a 
given nanoparticle could be predicted. Nevertheless, this approximation is far too 
simple and of little use due to the fact that only nanoparticle concentration is 
considered in such formula, whereas particle size, shape and chemical composition 
are obviated. Conversely, other workers have addressed this topic more efficiently 
and, although no specific protocols or methods were cited, a number of key points 
were presented as regards nanotoxicology testing, including physicochemical 
characterization of the nanomaterial, in vitro studies, and in vivo assays. 
Physicochemical characterization includes size and size distribution, surface area, 
solubility, shape, aggregation tendencies, chemical composition (purity, crystallinity, 
electronic properties), and surface properties (surface groups and reactivity, coatings) 
(Nel et al. 2006, Oberdörster et al. 2005a).  
 
The observed cytotoxic effects of silver at concentrations of up to 20 µg/ml, when the 
treatment was prolonged to 4 days, should not deter from its use as an antimicrobial 
agent, due to the fact that, as time-kill assays show, a few hours should be sufficient 
for the nanoparticle to exert such effect. 
 
Results and observations obtained with optical microscopy images and the MTT assay 
demonstrated a good agreement. The exception was the HT29 cell line when treated 
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with nanosilver. The images taken after the 24 hour exposure suggest that these cells 
are markedly resistant to this nanoparticle, as shown when the treatment with the 
highest concentration of silver (200 µg/ml) produced images similar to the control 
ones. The MTT assay carried out at the same time point (24 hours), on the contrary, 
showed that HT29 cells tolerated nanosilver only up to 20 µg/ml, and at any higher 
concentration the viability decreased drastically. In the view of this contradiction, 
methodology limitations have to be taken into account. The optical microscopy 
images obtained are bidimensional images, implying that the cells firmly attached to 
the substrate cannot be distinguished from the loosely attached, and, moreover, cells 
that appear attached are not necessarily healthy or alive. Also, the observation of cells 
growing in an apparent healthy manner does not signify that there are no metabolic 
alterations. Basically, these images do not distinguish between cell death, which is 
literally dead cells, and cell viability, which comprises the overall health of the cells 
and metabolic state, but not necessarily death. The MTT assay analyzes an aspect of 
the bacterial metabolism, mitochondrial activity, making it a test unable to determine 
whether cell death has necessarily occurred. A metabolic analysis will be considered 
more reliable than an image, with which the mitochondrial function measurement 
with the MTT assay will be contemplated as more accurate and reliable. 
 
Additional cytotoxicity evaluation of silver and cupric oxide on the examined cell 
lines, including plasma membrane evaluation, determination of ROS generation, 
assessment of apoptosis versus necrosis, and GSH analysis, would have provided 
additional information. It is acknowledged that conducting further studies could 
provide a more complete overview of the cytotoxic effects of nanosilver and 
nanocupric oxide on the three cell lines utilized. 
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Although some authors have recently used Trypan blue staining to assess viability 
(Karlsson et al. 2008), in the present study the method was found inadequate to 
evaluate the viability of cells treated with nanoparticles. Conversely to other potential 
cytotoxic substances which are not visible when observed under a microscope, 
nanoparticles and cells, dead or alive, are difficult to distinguish, which would imply 
an inacceptable level of inaccuracy.  
 
It has been suggested that nanoparticle toxicity may have a positive side that could be 
exploited in the case of cancer. Cancer cells, by definition, have a higher metabolic 
rate, for example, their ROS generation rate is higher and they replicate their DNA 
more rapidly than non-cancerous cells. Consequently, it could be inferred that the 
toxic effects caused by nanoparticles would present more rapidly. AshaRani et al. 
(2009) compared the DNA damage caused by silver nanoparticles on human lung 
fibroblasts (IMR-90) with a human glioblastoma cell line (U251), and found that the 
damage was much more extensive in the cancer cells. A dose-dependent correlation in 
cells arrested in the G2/M phase of the cell cycle was shown to be increased more 
steeply in cancer cells. 
 
In conclusion, apart from the nanomaterial itself, its characterisation is essential to 
evaluate the potential toxicity on eukaryotic cells. Likewise, it is clear that different 
cell lines show different sensitivity/resistance to the same nanomaterial, implying that 
results can not be directly extrapolated and, at least at this stage, tests must be carried 
out on every particular cell line or group of cell lines. Primary cells may represent in a 
more appropriate manner the physiological and in vivo situation. However, obtaining, 
maintenance and data reproducibility with cell lines surpasses that of primary cells. 
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This is the reason for immortalized cell lines being preferred in most toxicological 
studies. 
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Final discussion 
 
Various metal nanoparticles have been clearly shown to possess antimicrobial 
activity, and their uses and applications are increasing rapidly. This work analyzed the 
antimicrobial capabilities of thirteen different metal and metal oxide nanoparticles. 
Silver was shown to be the superior metal nanoparticle as regards antimicrobial 
activity, and this is reflected by the vast number of publications that can be found on 
the subject in the literature. Copper has also revealed itself as a potent antimicrobial 
agent, especially in the form of cupric oxide (CuO), although considerably less 
attention has been paid to this nanoparticle. Zinc is another metal that, when in the 
nanoparticulate form, has shown promise as an antimicrobial agent. Conversely, lack 
of antimicrobial properties of some nanoparticles was also demonstrated in this work: 
nickel, zirconium, and aluminium are metal nanoparticles that showed no or poor 
antimicrobial activity. Moreover, nickel has been associated with allergy development 
in sensitized individuals affecting the skin, and zirconium exposure can cause 
irritation, and its inhalation can result in skin and lung granulomas. Nanoparticle 
dosage is, clearly, of paramount importance to achieve a desired antimicrobial effect, 
but it is also important when the metallic element, for example manganese or zinc, 
function as a bacterial oligoelement. In fact, Reddy et al. (2007) found that low 
concentrations of Zn2+ can stimulate E. coli growth. 
 
A theoretical advantage of antimicrobial nanoparticles over antibiotics is the inherent 
stability and durability. In theory, nanoparticles should be chemically more stable and 
also more resistant to factors such as temperature, which can alter the defined 
chemical structure of antibiotics and cause their inactivation. Another advantage of 
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nanoparticles over antibiotics is that, despite the broad-spectrum group of the latter, 
nanoparticles have several targets in bacterial cells, with the consequences that, 1) 
potential in antimicrobial activity effectiveness is increased, and 2) resistance 
development is less likely, as single point mutations should not confer resistance to all 
cell targets. 
 
Gong et al. (2007) used bifunctional Fe3O4-Ag nanoparticles and benefited from both 
the superparamagnetic and antimicrobial properties, conferred by the iron and the 
silver, respectively. However, studies involving the use of more than one nanoparticle 
for either antimicrobial activity only or together with another purpose are sparsely 
found in the literature. This work has demonstrated the excellent antimicrobial 
effectiveness of the silver/cupric oxide nanoparticle blends and also the sample 
provided by our supplier. Furthermore, this approach entails further advantages: lower 
concentrations of each nanoparticle in the mixtures, with respect to each nanoparticle 
alone, are sufficient to achieve a desired antimicrobial level; overall cost would 
potentially be reduced; cytotoxic effects to eukaryotic cells should be diminished; and 
bacterial resistance development, already low per se, would be further reduced. This 
last consideration has already been adopted with antibiotics: prescription of two 
antibiotics improving the antimicrobial effectiveness and helping to prevent bacterial 
resistance development. Overall, the scope of this approach is vast, and could also be 
applied to nanocomposites. 
 
Another topic for which, surprisingly, the literature is sparse, relates to studies where 
both antimicrobial activity and cytotoxicity of metal nanoparticles have been 
examined in the same system. After establishing an effective antimicrobial dose of a 
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given nanoparticle or, indeed, a blend of two or more nanoparticles, against a given 
bacterial species or group of bacterial species, the next logical step would be to add 
eukaryotic cells to the system and analyze the survival of both prokaryotic and 
eukaryotic cells. 
 
The great majority of publications concerned with cytotoxicity of metal nanoparticles 
have been carried out utilizing well established cell lines. Differences between in vivo 
and in vitro outcomes are only to be expected. To further understand the cytotoxic 
implications of the use of nanoparticles, the use of primary cell cultures would be a 
logical step, as these cells are more similar to those in living multicellular organisms 
than those in cell lines. In vivo studies would be the next stage of study. It is clear, 
though, that further investigations must be conducted in order to accumulate enough 
knowledge to enable in vivo studies to proceed. 
 
Independently of the antimicrobial activity nanoparticles possess, cytotoxicity to 
eukaryotic cells is a matter of overriding significance. It has been suggested, though, 
that the proven toxicity of some metal nanoparticles towards eukaryotic cells must not 
deter from using them as antimicrobials. In fact, it is well documented that antibiotics 
can be toxic to eukaryotic cells, and still their use for infection treatment is routine. 
Prokaryotic cells are usually smaller and ‘simpler’, and also have a higher number of 
targets for antimicrobial ions. Eukaryotic cells possess higher structural and 
functional redundancy, which implies that should one route failed, others may remain 
to carry out the function. This implies that a higher concentration of toxic 
nanoparticle/ion would be necessary to cause eukaryotic cell death, whilst lower 
concentrations would have lethal effects on the prokaryotic. Taken together, these 
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factors indicate the existence of a therapeutic ’window’ where selective killing could 
occur (Alt et al. 2004, Reddy et al. 2007). Cellular energy production constitutes an 
example of this: electron transport chains are located in the cell membrane in 
prokaryotic cells, whereas this occurs in the mitochondrial membranes of eukaryotes. 
For toxic nanoparticles/ions to inactivate this system in eukaryotic cells, firstly they 
would have to penetrate into the cytoplasm through the cell membrane, and also in a 
sufficient concentration to inactivate the totality of mitochondria; while in the case of 
prokaryotes, the energy production system is more readily reached. 
 
Currently, choice of nanoparticle and evaluation methods of nanoparticle effects are 
decided by the laboratory where the work is conducted. Standardization of methods to 
assess metal nanoparticle effects is of the utmost importance. For a given metal 
nanoparticle, factors like size, shape, surface characteristics, and method of synthesis 
have a direct impact on antimicrobial capacity and cytotoxicity. This has led to 
differences in the results obtained from different laboratories. Established guidelines 
with regards to optimal methodology for the assessment of metal nanoparticles 
performance and effects are needed, and researchers should refer to these to ensure 
every result is comparable. Ideally, and in the same manner that exists for antibiotics, 
the creation of databases where minimum bacteriostatic and bacteriocidal 
concentrations for every microorganism and nanoparticle, including different sizes, 
could be created. Tolerance data of the different eukaryotic cell types towards 
antimicrobial nanoparticles could also be established. In the United States, the 
National Toxicology Program (NTP) evaluates chemical agents that are of public 
health concern by implementing modern toxicology tools; the Environmental 
Protection Agency (EPA) and the National Institute of Occupational Safety and 
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Health (NIOSH) are other governmental institutions that have important roles in 
assessing nanomaterial safety in the United States (Nel et al. 2006). 
 
Due to the fact that nanomaterials have naturally always been present on the planet 
(for example, they are generated in forest fires and via bacterial decomposition), and 
that some show antimicrobial activity, it would be easy to assume that the likelihood 
of microbes acquiring resistance to such agents is low or even negligible. However, 
although emergence of resistance to this class of antimicrobial agents is indeed low, 
molecular mechanisms of bacteria to bypass the toxic effects of a number of metal 
ions have been described. Not surprisingly, resistance to silver is the most widely 
covered (Gupta et al. 1999, Li et al. 1997, Silver 2003), but studies as regards 
resistance to other elements, for example arsenic, cadmium, lead, zinc, copper and 
nickel, are also found in the literature (Silver et al. 2005). Transmembrane pumps that 
actively pump out silver ions, and deficiency of porins in the membrane, are some of 
the described mechanisms. The increasing use of nanoparticulate materials, especially 
containing silver, obliges mankind to give serious consideration to the possibility of 
bacterial resistance development. 
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